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OZONATION OF A MUNICIPAL SURFACE WATER SUPPLY TO REDUCE 
TRIHALOMETHANES ,  ODOR , CHLORINE DEMAND , AND ORGANI CS 
Ab stract 
PIN-SHI PETER LEE 
The Lake Kampeska Filtrat ion Plant draws its dr inking wat er 
s upp ly from the Lake Kampeska as a part  of the drinking wat er sys tem 
for the c ity of Watertown , South Dakota . In th i s  inves t i gation ,  
an ozonat ion p ilot  p l ant was used t o  determine the effect o f  ozonat ion 
on trihalomethane format ion , odor , chlor ine demand , and organics . 
Spectrophotome tri c  character i s t ics  were analyzed for surrogate 
parame ter s tudie s .  
Fo l low ing a pre l iminary s tudy based on tr ihalomethane reduc tion , 
ozone dos ages of 0 ,  4 ,  8 ,  and 12  mg/ 1 were app l ied t o  raw water at 
detent ion t imes of 1 0 , 1 5 , and 20 minutes . Analys is of variance 
showed that : ( 1 ) Ozonat ion of raw water reduced Total Trihalomethane 
format ion , Chemical  Oxygen Demand , and appeared to reduc e odor . 
( 2 )  Ozonat ion of raw water produced a higher chlor ine demand . 
( 3 )  Ozonat ion of raw water did not affect Total Organic Carbon 
concentrat ion . Analys is  of var iance also  showed that UV ab s orbance 
of unf il tered s amp l e s  and color ab sorbance of uncentr ifuged samp l e s  
were suitable  for e s t imat ing Total Trihalome thane concentrat ion of  
the  water . 
iv 
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SYMBOLS AND ABBREVIATIONS 
ANOVA = analys is of varianc e 






= carbon d ioxide 
¢ = cents 
em = cent imeter 
COD = chemical oxygen demand 
Cl0
2 




r = corre lat ion c oeffic ient 
°
C = degree s  C e l s ius 
°
F = degree s Fahrenhe it  
CHBr
2




$ = do llars  
Fe ( NH
4
) 2 ( so4 ) 2 = ferrous ammonium sulfate 
FDA = Food and Drug Adminis trat ion 
gal = gallons 
gpm gal l ons per minute 
GAC = granular ac t ivated carbon 
Hz = Hertz  
in  = inches 
ID = inner diameter 
vii 
Ins t = instantaneous 
Kg = kilograms 
KPa = kilopascals  
lpm = l iters per minute 
MCL = maximum contaminant 
HgS0
4 
= mercur ic sulfate 
m = me ters 
l eve l 
J).g/ 1 = micrograms per l iter 
.urn = micrometers 
mg = mil l igrams 
mg / 1 = mil l igrams per l iter 
ml = mil l i l iters 
mm = mil l imeters 
mgd = mil l ion gal lons per day 
ML = mil l ion l iters 
nm = nanometers 
NORS = Nat ional Organics  Reconnaissanc e Survey 
NTU = Nephe lome tr i c  turb idity unit 
NVTOC = nonvolat ile  total organic carbon 




ppb = parts  per b i l l ion 
PAO = phenylars ine oxide 
PVC = polyvinyl chlor ide 
K2cr2o7 = potas s ium dichromate 
vi i i  
KI = potass ium iodide 
lb = pounds 
p s ig = p ounds per square inch gage 
PAC = powdered ac t ivated carbon 

















= s odium thiosul fate 
scfm = s tandard cub i c  feet p er minute 





= sulfuric ac id 
TON = threshold odor number 
TOC = total organic carbon 
TTHM = total trihalomethanes 
THM = tr ihalomethane 
THMP = trihalomethane format ion pot�ntial 
THMs = tr ihalomethane s  
UV = ultraviole t  
USEPA = The United S tates  Environmental Protect ion Agency 
vs = versus 
v = vol t s  
H
2o = water 
ix 
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INTRODUCTION 
The purp o s e  of app lying ozone to the surface water supply 
at the Lake Kampe ska F i l trat ion Plant , Watertown , S outh Dakota , 
was to  determine s p e c if i c  effects  of ozonat ion on the surface water 
quality . A p ilot  o z one p lant was used in the inves t igat i on of changes  
in  trihalomethane s format ion , odor , chlor ine demand , and organ i c s  
in the water of Lake Kamp e s ka .  Surrogate parameters for tr ihalomethane 
were al s o  evaluated concurrently with the p ilot  plant r e s earch . 
Nature of the Problem 
Tr ihalomethanes 
Chlor ine has worked wel l  in the d i s infect ion of·drinking 
water , but it was d i s c overed in the ear ly 1 97 0 s  that a trihalomethane ­
cancer as s o c iat ion might exis t ,  sugges t ing that the u s e  of chlor ine 
pose s  poten t ial health  r i sk ( 1 ) . Trihalomethane s ( THMs ) are formed 
as byproduct s  of  chlor inat ion in the water treatment proce s s  ( 2 ) . 
The predominant THMs are chloroform ( CHC1 3 ) ,  dichlorobromomethane 
( CHBrC1
2
),  d ibromochloromethane ( CHBr
2Cl ) ,  and bromoform ( CHBr3 ) ( 3 ) . 
The format ion of chloroform and the o ther THMs in drinking water 
resul ts  from the reac t ion of chlorine with naturally-occurr ing organic 
material s , princ ipal ly humic and fulvic ac ids ( 4 ) . The pre s ence 
of THMs is  known to  be  wide spread in dr inking water throughout the 
United States . The h i ghe s t  concentrat ions of THMs in mun ic ipal 
drinking waters usual ly occur in surface water rather than we l l  
1 
water ( 5 ) . 
In November , 1 97 9 , the United Stat e s  Environmental Protect ion 
Agency (USEPA ) promulgated a maximum contaminant leve l ( MCL)  of 
100 �g / 1  of total  trihalomethanes  ( TTHMs ) for community water sys tems 
serving more than 10 , 000 per s ons ( 6 ) .  Water treatment p lan t s  are 
current ly in the proce s s  of monitoring for THMs and inve s t igat ing 
methods for reduc ing tr ihalomethane ( THM) concentrat ions in order 
to comp ly with th is s tandard ( 7 ) . 
Odor 
2 
Pheno l s , hydrogen sulf ide , sulfur compounds , hydrocarbons ,  
tarry compounds ,  sewage produc t s , and decay ing vegetat ion can impart 
taste and odor to water ( 8 ) . As a general rule , taste-and odor­
caus ing compounds are organic mater ials or synthe tic organic compounds , 
although highly odorous inor ganic sulfides are al s o  encountered . 
Many of the organic compounds that cause unacceptab le tas t e s  and 
odors are formed from natural vegetat ion dur ing anaerob ic decomposit ion 
in the ground or surface waters in wh ich the d i s s olved oxygen content 
may be too low to support aerob ic colonies ( 9 ) ( 10 ) . 
Synthe tic phenol ic mater ial s are the mo s t  widespread s ingle  
pol lutant in our water . Phenol not only finds its  way into water 
from indus tr ial s ources , but small  concentrat ions are al s o  formed 
by the natural b iodegradat ion of humic mater ial s  ( 9 ) . Phenol reac t s  
very rap idly with free chlorine to form ortho-chloropheno l .  In 
chlorinated surface water , this compound is found most  often and 
impart s  a tas te and odor to water ( 9 ) . Hydrogen sulf ide impar t s  
the taste  and odor of rotten eggs to water . Thi s  inorganic c ompound 
can form in surface water s which have a high carbonaceous load ing 
and a low or non-exis tent d i s solved oxygen content ( 9 ) . Coagulat ion , 
chemical oxidation ,  adsorpt ion , and volat il izat ion are proces se s  
that have long been used for removal o f  organic mater ial s caus ing 
tas te and odor ( 1 1 ) . 
Chlor ine Demand 
3 
Chlor ine i s  current ly the mos t  wide ly-us ed dr inking water 
dis infectant ; we expect  that app l icat ion to cont inue ( 12 ) . Chlor ine 
also  is a powerful oxidant . I t  attacks many compounds , organic and 
inorganic . Use  of chlor ine can result in the format ion of  potent ial ly 
harmful by-product chemical s ( 1 2 ) . 
The chlor inated hydrocarbons , such as THMs , are introduced 
in the cour s e  of wat er treatment as by-produc t of the chlor inat ion 
proce s s . A large fract ion of the chlor ine is  consumed in THM formation . 
When chlorine reac t s  with available organic material to  form THM , the 
relat ionship between chlor ine demand and THM concentrat ion is l inear 
( 1 3 ) . Inorganic material s ,  such as sulfide , iron ( I I ) , and ammon ia , 
react with chlor ine quickly and consume the chlor ine before it can 
react with organic materials  ( 13 ) . Al though chlor inated inorganics  
are l e s s  s ignificant than chlor inated organic s ,  the chlor ine demand 
of inorganics is greater than the chlor ine demand of organics .  
Organic s 
The number of organic material s that have been found in 
water is  cont inual ly increas ing . By 1 9 7 8 , the USEPA had identified 
over 7 00 individual compounds ( 14 ) . Organic mater ial in water may 
be suspended or d i s s o lved . Suspended organics  are read i ly removed 
by normal chemical treatment and f i ltrat ion . However , d i s so lved 
organics  are a more troub l e s ome treatment prob lem ( 11 ) . 
Many organic chemicals  are known to cause mutations in s ingle  
cel l s , and evidenc e exi s t s  of correlat ions between such  muta t i ons 
and cancer ( 1 1 ) . In real ity , the organics pres ent in s urface waters 
are der ived from natural sourc e s , not from man-made by-product s  ( 1 5 ) . 
Natural leaching of s o il and leaf l itter accounts for much of  the 
dis s o lved organic mater ials  ( 1 5 ) . Natural organic mat er i a l s  with 
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high molecular we ight s are general ly bel ieved to be of l i ttle  health 
concern , except that some can react  with chlor ine to  produce chloroform ,  
a known animal c arc inogen , and a variety o f  other chlor inated or ganic s ,  
mos t  of which have not yet  been character ized . The health s ignif icance 
of the se  mater ial s  is  unknown , but of growing concern ( 1 1 ) . 
The organic  mater ial s with low molecular we ight s , many of  
which are of indus tr ial or igin , have rece ived the mos t  attent ion . 
Human exposure to them has been quite l imited unt il recently ( 1 1 ) . 
S ince there is  a p os s ib l e  health ri sk from the s e  organic mater ial s , 
it is  neces sary to  minimize the ir concentrat ion in dr inking water . 
Surrogate Parame ters 
Because the analys is  for THMs is  a t ime -consuming and relat ively 
expens ive gas chromatographic procedure , a s imp le , rap id surrogate 
measurement that would predict THM concentrat ion with reas onab l e  
accuracy would seem des irab le ( 16 ) . THM format ion i s  dependent 
on precur s or type and concentrat ion , chlor ine contact per iod , temp er­
ature , pH , and the chlor ine-total organic carbon ( C l
2
: TO C )  rat io ( 2 ) . 
Other water parame ters , s uch as , total organic carbon ( TO C ) c ontent , 
color ,  chlor ine demand , and turbidity have been shown t o  affect THM 
product ion ( 1 7 ) . TOC has been re lated to the THM format i on by many 
authors ( 2 ) ( 1 7 ) ( 18 ) ( 1 9 ) . Ab s orbance character i s t ics  in the ul tra­
violet ( UV )  and v i s ib le wave length ranges are a l s o  frequently us ed 
to  determine the THM concentrat ion ( 2 ) ( 20 ) ( 2 1 ) ( 22 ) . The more conven­
t ional chemical oxygen demand ( COD ) and chlor ine demand are a l s o  
commonly used as  surrogate parameters . A l ow-cost  ins trument f or 
monitor ing THM f ormat ion in water i s  des ired . 
S c ope of the Inves t igat ion 
The Lake Kamp e ska F i l trat ion Plant draws water from Lake 
Kampeska to supp ly dr inking water for the c ity of Watertown , South 
Dakota . The lake water conta ins organic matter which c ause s  THM 
format ion in the dr inking water upon chlorinat ion . Tas t e s  and odor s 
are also  reported by the water users . 
This inves t igat ion was conducted to determine the ab i l ity 
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of ozonat ion to  reduce the format ion of tr ihalome thane s ,  odor , chlor ine 
demand , and organ ic s .  An ozonat ion p ilot p l ant , includ ing ozone 
generator and contact chamber , was used in th is inve s t i gat ion . 
A var iety of ozone do s ages  and contact t ime s were evaluated for 
the treatment of the lake water . Odor , TOC , and COD were me asured 
before and after ozone treatment . The THMs and chlorine demand 
were analyzed after chlor inat ion of untreated and treated water 
s amp l e s  at a chlorina t ion t ime of 30 minute s .  
Another obj e c t ive involved in this  inves t igat ion was to 
seek pos s ib le s urrogate p arameters to  predict the THM forma t ion . 
The parameters inve s t i gated were true color , apparent color , ul tra­
violet  ( UV )  abs orbance of unf il tered samp le and f il tered samp l e . 
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LITERATURE REVIEW 
Ozonat ion in Water Treatment 
Ozone character i s t i c s  
Ozone is  a f a intly b lue , pungent sme l l ing g a s  ( 8 ) . I t  i s  
an allotrop ic form o f  oxy gen dis covered by Van Marum i n  1 7 8 5  ( 23 ) . 
Three atoms of oxygen , ins tead of only two atoms as .in the case  
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of ordinary oxygen , are c omb ined to  form a mo lecule ( 8 ) ( 23 ) . Ozone 
is 1� t ime s as  dens e as  oxygen , and can be detected by humans at 
concentrations as  low as 0 . 01 to 0 . 05 ppm by volume ( 10 ) ( 24 ) . Ozone 
is · an uns t ab l e  gas that b o i l s  at minus 1 1 2 °C at atmo spher ic pre s s ure , 
and is  p art ially s olub l e  in water ( 10 ) ( 24 ) . The solub il ity of ozone 
in water is dependent on temp erature  and pre s sure ( 23 ) . Thi s  s o lu­
b il ity is  about thirteen t ime s that of oxygen over the temperature 
range of o<t to  30't ( 10 ) ( 24 ) . In aqueous s o lut ion ,  ozone has a 
half-l ife of about 1 6 5 minutes  in d i s t illed water at 20 °C ( 10 ) . 
If  oxidant-demanding materials  are pre s ent in s olut i on , the half- l ife 
of ozone in s uch s o lutions will  be  even shorter ( 10 ) . Ozone is  
much more s table  in  a ir , the  half-l ife of  ozone in  the amb ient atmos ­
phere has been measured b y  the USEPA to  b e  o n  the order of 1 2  hours 
( 10 ) . At low concentrat ions of ozone-air mixture , ozone is  not exp lo­
s ive , but mixtur e s  of ozone concentrat ion of 15 to 20 percent or more 
in air can be exp l o s ive ( 10 ) . 
Ozone is  a powerful oxidant , its  oxidat ion potent ial of  
2 . 07 V in  alkal ine s olut ion b e ing second· only to that of fluorine 
among the read ily ava i l ab le water treatment chemicals ( 10 ) ( 23 ) ( 24 )  
( 25 ) ( 26 ) . I t s  oxidat ion potential is  the result of the spl i t t ing 
off of the third atom on the breakdown of the molecule . Thi s  third 
atom wil l comb ine at once with any oxidizab le  sub s t ance ( 8 ) ( 23 ) . 
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The free rad icals ( H0 2 
and HO ) that form when ozone decompos e s  in 
aqueous s olut ion , have great oxidizing power , and in addi t ion to 
disappear ing rap idly , may react with any impur it ie s  such as metal 
salts , organic matter , hydrogen , and hydroxide ions pres ent in s o lut ion 
( 24) . But , Bailey ( 25 )  noted that there was no reason to  sugge s t  
that ozone should b ehave as a rad ical , becaus e i t  i s  diamagnet ic , 
or that decompos it ion to  molecular and atomic oxygen should p l ay 
a s ignif icant r o l e  in its  react ions with l iquid solut ions or suspen­
s ions in l iquids . 
Ozone is  extreme ly corros ive and is  p o i s onous in s trong 
concentrat ions in the air ( 10 ) ( 23 ) . The treatment p l ant danger 
mark has been sugge s ted as 0 . 2 mil l igrams of ozone per cub ic meter 
of air ( 23 ) . 
In normal c ircums tances , ozone disappears  quickly from water . 
This is  some t ime s held to  be a dis advantage . To the contrary , this  
may be a very des irab le feature , becaus e in  a matter of minutes  
after performing i t s  func t ion in  the treatment proce s s , ozone revert s  
back to oxygen , l e av ing n o  trace of dos ing i n  the water . 
History of Ozonat ion in Water Treatment 
The early inve s t igators of ozone treatment were pr imar ily 
intere s ted in its  bac ter i c idal properties  ( 8 ) . In 1840 , Schonbe in 
exper imented with ozone for treat ing water at Me tz , Germany ( 8 ) . A 
few years l ater Frol ich re inves t igated the subj ect  and erected a 
s emi-commerc ial p l ant at Mart inikenfeld , Germany ( 8 ) ( 10 ) . The treat­
ment and bacter i o l o g ical  results were s tudied by Ohmu l l er and Pral l  
a t  the reque s t  of  the German government . The ir report was favorab le  
and led to a ful l - s cale  munic ipal installat ion at We isbaden and 
Paderborn in 1 8 9 6  ( 8 ) . 
Otto  i s  s a id to have erected an ozone treatment p l ant in 
1 890 ( 8 ) . At about the s ame t ime , 1893 ( 2 7 ) , a p l ant was ins t a l l ed 
at Oudshoorn , Hol land , which was inve s t igated by the Bel gian govern­
ment and by the C ity of P ar i s , l eading to the adopt ion of ozone 
treatment at the S t. Maur p l ant in Par i s  ( 8 ) ( 10 ) . Ozone p l ants  
were also  instal led at  L i l le in 1 898  and Nice in 1904 ( 8 ) ( 10 ) . 
Many author s b e l ieve that the Bon Voyage p l ant at N ice , 
France , which began it s operat ion in 1906 and has been used cont in­
uously s ince that t ime , as the b irthp �ace of ozonat ion for drinking 
water treatment ( 10 ) ( 24 ) ( 26 ) . By 1 9 1 6 , there were 49 ful l - scale  
water treatment p l ant s having a total capac ity of  8 5  mgd ( 31 8  ML/ day ) 
in operat ion in Europ e , 26  of which were in France ( 10 ) . By 1 9 4 0 , 
the number of drinking water treatment plant s us ing ozone had 
increas ed to 1 1 9  throughout the world , and as of 19 7 7  at l e a s t  
1Q39 p l ants were known to be us ing ozone treatment ( 10 ) . In 1 9 8 0 , 
the total number of p l ants  employing ozone exc eeded 1 , 100  ( 9 ) . 
Most  are l ocated in We s t ern Europe ( 9 ) ( 10 ) . The larges t water 
treatment p l ant operat ing with ozone is  located in East Mos cow , 
9 
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U . S . S . R  ( 2 7 ) . In the United States , adopt ion of ozone has not been 
rap id .  I n  1 92 7 , a p l ant was ins talled at De lhi , N . Y . , but was damaged 
by a flood and abandoned in 1 9 3 5  ( 8 ) . In  1 9 30 , a p l ant was comp leted 
at Long Beach , Ind . ( 8 ) . In  1 940 , plants were ins talled at Denver , 
Pa . , and Whit ing , Ind . ( 8 ) ( 10 ) . At the Belmont p lant in Phi l ade lphia , 
an ozonat ion ins tallat ion was operat ed s ucces sful ly from 1 9 4 9  unt il 
1 9 5 7  when the ozone proces s  was discont inued in favor of chlor inat ion 
( 10 ) ( 24 ) . As s hown in Tab le 1 ,  in 1980 , there were e ight operat ional 
US drinking water treatment p lants us ing ozone with three more under 
construct ion . 
The extens ive us e of ozone in Europe is  re lated to  the poor 
quality of the ir potab l e  water re source s  and the ir de s ire for a 
high qual ity of dr inking water ( 9 ) . For the s ame reason , the us e 
of ozone in North Amer ica dur ing the last decade has increas ed because 
of the deter iorat ing qual ity of our water resources  and also  because  
of  more s tr ingent water qual ity s tandards ( 9 ) . 
Ozone Appl icat ions 
Because ozone is  a p owerful oxidant and many contaminant s 
in the water supp l ie s  are oxidizable , ozone can be used for many 
different app l icat ions . Al though the maj or us e of ozone in treat ing 
the dr inking waters was for dis infe c t ion , oxidat ive app l icat ions 
are now b e ing used in a s ignif icant ly incre a s ing numb er of ins tal l a­
t ions ( 10 ) . The app l icat ions of ozone for dr inking water treatment 
are summarized in Table  2 .  
Ozonat ion Advantage s and Disadvantages 
Table  3 l i s t s  s ome of the advantage s and disadvant ages of 
In 
Tab le  1 .  US Potable Water Treatment Plants  
Us ing Ozone ( 10 )  
Plant Status 
and On-Line Average Flow 
Locat ion Date (mgd ) 
operat ion 
Whit ing , Ind . 1 940 4 
Strasburg , Pa . 1 9 7 3  0 . 1  
Saratoga , Wyo . 1 9 7 8  3 . 5 
Monroe , Mich . 1 9 7 9  18 
Newp ort , De l . 1 9 7 9  0 . 25 
B ay C ity , Mich . 1 9 80 40 
Newp ort , R . I .  1980 5 
North Tarrytown , N . Y .  1 9 7 0  1 . 2  
Under cons truc t ion 
Kennewick , Was h . 1980  3 
In des i gn 
El izabeth C ity , N . C .  1 9 7 8  5 
South Bay , F l a . 1978  2 . 2  
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Tab le  2 . App l icat ions of Ozone in Drinking 
Water Treatment ( 9 ) ( 10 ) ( 15 ) ( 28 )  
Bacterial dis infect ion 
Viral inact ivation / d e s truct ion 
Decomp lexing organically-bound mangane se 
Color removal 
Taste  and odor removal 
Al gae control 
Improve . flocculat ion 
Oxidat ion of organic s 
Phenol s ,  detergent s , p e s t ic ide s , THM precur s ors  
Microflocculat ion of d i s s o lved organics 
Oxidat ion of inorgan i c s  
Solub l e  iron and mangane s e , toxic mater ial s , heavy metals  
Turb idity and / or suspended s o l ids removal 
Pretreatment for b iolog ical oxidation 
1 2  
Tabl e  3 . Advantages and Disadvantages of 
Ozonat ion in Water Treatment ( 16 )  
( 28 ) ( 29 ) ( 30 )  
Advantage s D i sadvantages 
Better viruc ide and bacteric ide 
than chlorine 
Creates no s ludge 
Non-selective 
Reduces  chlorine demand 
Reduce s potent ial  for format ion 
of chlor inated product s  
Improves coagulat ion , f i l trat ion 
and carbon ads orp t ion proc e s s e s  
Not affected b y  pH  b e tween 5 . 0  and 
8 . 0  units  
Not  affect  d i s infect ion 
character i s t ic by turb idity up 
to 5 mg/ 1 
427627 
Does not produce a las t ing 
res idual 
H igh cap ital  c o s t  
High maint enance c o s t  
Produce toxic by-produc ts  
D i s infect ion eff ic iency 
unpredictab l e  
Mus t be produced and u s ed 
at the tre atment s ite 
Temperature affe c t s  the rate 
of react ion and decomp o s it ion 
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ozonat ion compared with chlor ination . The maj or advantages  of us ing 
ozone in water treatment are its effec t ivene s s  in d i s infect i on and 
oxidation . The maj or d i s advantage of ozonat ion is  the h i gher co s t . 
Ozonation becomes c o s t  effec t ive when it is  used as a mul t i-purp o s e  
treatment ( 2 7 ) . Al s o ,  if cheaper electrical p ower s ourc e s  are avail­
ab le for  the  product ion of ozone the ozonat ion c o s t  will  be sharp ly 
reduced ( 2 7 ) . 
Tr ihalome thane s 
History of the Trihalome thane Prob lem 
In 1 8 5 5 , w ith an emerging awarenes s  of the potent ial of  
contaminant s in water to  cau s e  d isease , concern was  expres s ed re­
garding the  pre s ence of organic mater ials in  dr inking water ( 1 1 ) . 
Today , there i s  good evidence that organic materials  are among the 
mos t  important cau s a t ive fac tors in the inc idence of cancer , a 
disease  that is  equal in magnitude to the infect ious dis eas es of 
the past ( 1 1 ) . 
In 1 9 7 4 , r e s e archer s , both in the United States  and in the 
Netherlands discovered that the tr ihalomethane s (THMs ) were formed 
during the chlor inat ion s tep in drinking water treatment ( 3 1 ) . 
In November 1 9 7 4 , Rus s e l l  E .  Train , administrator of the USEPA , 
announced that he was order ing an immediate_nationwide survey t o  
determine the concentration and potent ial effects  of certain organic 
chemicals in dr inking water ( 3 2 ) . Eighty cities  were included in 
the Nat ional Organ i c s  Re conna i s s ance Survey (NORS ) ,  which was 
sponsored by USEPA ( 3 2 ) . One of the three maj or obj e c t ives of the 
NORS was to  determine the extent of the pres ence of the four tr i­
halomethanes ( CH C 1
3 , CHBr C 1 2 , CHBr2
C l , and CHBr
3
) ( 3 2 ) . NORS d i s ­
closed that the four THMs were wide spread in chlor inated dr inking 
waters in the US and that they resulted from chlorinat ion ( 32 ) . 
In 1 9 7 6 , the Nat ional C ancer Ins titute found that chloroform was 
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a carc inogen to rat s and mice . A relat ionship was al s o  found be tween 
dr inking water qual ity and s ome cancers in humans based on a review 
. of 18  previous ep idemiolog ical s tudie s . The f inding in 1 9 7 6  led 
the USEPA to  suspect chloroform and other THMs of b e ing human 
carc inogens ( 31 ) . This  was soon fol lowed by _a Food and Drug 
Administrat ion ( FDA ) b an on the  use of chloroform as an addit ive 
in the preparat ion of food or drugs ( 1 3 ) . In 1 9 7 8 , the USEPA 
pub l ished proposed inter im primary drinking water regulat ions for 
the control of organ ic chemical contaminants ,  including THMs , in 
drinking water ( 4 ) . On November 2 9 , 1�7 9 ,  the USEPA promulgated 
an amendment to  the Nat ional Inter im Primary Drinking Water Re gula­
t ions l imit ing the perm i s s ible leve l s  of THMs in dr inking water ( 3 1 ) . 
USEPA ' s  dec i s ion to regulate THM leve l s  in drinking water and 
to spec ify a Maximum C ontaminant Level (MCL)  was based on the follow­
ing factors ( 1 2 ) : dr inking water is the maj or source of human exposure 
to THMs ; THMs are the mos t  ub iquitous synthe tic organic chemicals 
found in drinking water in the US and are generally found at the 
highes t  concentrat ions of any such chemicals ; THMs are introduced 
near the beginning of the water treatment proce s s  as by-produc t s  
of chlor inat ion and thus can be readily control l ab l e ; feas ible and 
low-cos t means to reduce the ir concentrat ions in dr inking water 
are generally ava i l ab l e ; monitor ing is  feas ib l e ; and THMs are a l s o  
indicative o f  the pre s ence o f  a hos t  o f  other halogenated , oxid ized , 
and potentially harmful by-products  of the chlor inat ion proce s s  
that are concurrent ly formed in even larger quant it ies  but wh ich 
cannot be  readily character i z ed chemically . The 1 9 7 9  regulat ions 
estab l i shed a MCL of  0 . 10 mg / 1  for "Total Tr ihalomethanes , "  which 
is  the arithme t ic s um of the concentrat ions of chloroform , bromo­
dichloromethane , d ibromochl oromethane , and bromoform ( 3 1 ) . The 
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USEPA s e lect ion of an inter im MCL of 0 . 10 mg/ 1  was based on balanc ing 
public  health b enef i t s  again s t  the feas ib il ity of achieving a re­
duct ion in THM leve l s  ( 1 2 ) . 
Format ion of Trihal omethane s 
The format ion of  trihalomethanes in water treatment p l ant s 
during and fol lowing chlor inat ion involve s the react ion between 
hypochlorous ac id and organics to form chlorinated organics  inc lud ing 
THMs ( 3 3 ) . THMs are pr imar i ly formed by the react ion of free chlor ine 
with humic mater ial s such as humic and fulvic acids , cal led tr iha l o ­
methane precur s ors  ( 3 1 ) . The react ion is  not ins tantaneous , but 
takes place over a period ranging from 1 to 2 hours to several days 
( 31 ) . It  is  influenced by temperature , p H ,  pre cursor type and con­
centrat ion , bromide concentrat ion , dis infectant res idual type , and 
pos s ibly dis infectant res idual concentrat ion ( 3 ) ( 31 ) ( 34 ) ( 3 5 ) . 
S tevens et  al . ( 36 )  report that the precursor to trihalo­
methane produc t ion dur ing the chlor inat ion proc e s s  in dr inking water 
treatment is  probably a comp lex mixture of humic sub s tances and 
s imp le  low-molecular-we ight compounds containing the acetyl moiety . 
Thes e  sub s tances  are pres ent in surface and ground waters and result  
from b iological proc e s s ing and decompos it ion of  natural mater ial s , 
including fore s t  re sidue s , gras s e s , food crops , animal remains and 
microorganisms ( 1 1 ) . The humic sub stances contain both aromat ic 
and al iphat ic components ( 3 7 ) . The aromatic rings conta in three 
to s ix alkyl sub s t ituents  ( 3 7 ) . Poly-nuc lear aromat ic and fused-
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ring s tructur e s  may a l s o  b e  pre sent . The pr inc ipal al iphat ic s e g ­
ments of the ori g inal natural product are composed of r e l at ive ly 
short , s aturated chains  ( 37 ) . Branched s tructures are al so appar ently 
present ( 37 ) . The s t udy by Argne llo  et  al . ( 34 )  shows that phenol s  
produce chloroform , even when they are sub s t ituted comp l e te ly as 
with pentachlorophenol .  Compounds containing orthodihydroxy group s 
give low chloroform product ion . However , meta and para d ihydroxy­
aromat ic compounds are among the mos t  effic ient chloroform producer s 




CHO- s truc tur e s  show 
intermed iate produc t ion leve l s  ( 34 ) . One c l a s s  of compounds expected  
to produce tr ihal ome thanes ,  methyl ke tones , did  not do s o  exc ep t 
in the case of acetone ( 1 5 ) ( 34 ) . The s impl ified s tructural form 
· of the humus molecule  is shown in Figure 1 as a huge amorphous mas s 
of polyhetero condens ate  w ith certain funct ional group s protrud ing 
from its surface that react  w ith chlor ine to produce THMs ( 1 3 ) . 
Also  pre sent in natural waters  are a s eries  of organic ac ids. 
Mos t  of them are THM precur s ors , the mos t  common of wh ich are l is t e d  
OH 
Pol7hetero Condensate 
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Figure 1 .  Mode l  Humic compound ( 13 )  
0 
in Table  4 .  The cour s e  of the tradit ional haloform reac t ion i s  
18  
out l ined in  Fi gure 2 .  Es s entially , the reac tion cons i s t s  of alternate 
hydrolys is and halogenat ion step s , with the fir s t  ionizat ion s t ep 
being rate determining ( 1 3 ) . 
Ol iver and Shindler ( 39 )  report that algae can b e  potent 
THM precur s ors under chlor inat ion condit ions used for dr inking water 
purif icat ion and d i s infect ion . Spec ies -dependent change s in THM 
product ion are a l s o  apparent . It  is  sugge s ted that algae removal 
from raw water pr ior to  chlor ine dis infect ion should reduce the 
THM concentrat ions in f inished dr inking water ( 39 ) . 
Table  4 .  Organ ic Materials  Occurring Natur al ly 
in Wat er Supp l ie s  ( 1 5 )  
Compound Known THM Precursor (?) 
Butyr ic Ac id 
Valerie Ac id 
Pyruvic Ac id 
Lactic  Ac id 
Suc c inic Ac id 
Adip ic Ac id 
Oxalic  Ac id 
Malonic Ac id 
C itr ic Ac id 
3-Ketoglutar ic Ac id 
Tartar ic  Acid 
Malic Ac id 
Humic Ac ids 





















Ammoni a  might b e  thought to inhib it the format ion of  THMs 
at chlor inat ion levels l ower than the breakpo int , as is always the 
case dur ing chlor inat ion of wastewat er s. In fact , in the pres ence 
of ammonia , the THM concentrat ion is  lowered but is  not totally 
inhib ited , which sugge s t s  that the react ivity of s ome precur s or s  
i s  extremely h i gh ( 3 ) . 
Among the alkali-s olub le organic mater ials ( fulvic ac id , 
humic ac id , and hymatomelanic ac id ) , it is agreed that the molecular 
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Figure 2 .  Haloform Reac tion Pathway ( 13 ) ( 15 )  
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we ight of the humic ac ids are the h ighe s t , with hymatome l anic and 
fulvic acids hav ing l i ghter we ights re spect ive ly ( 1 3 ) . Molecular 
we ights for fu1vic acids  probab ly range be tween 100 and 1 , 000 , and 
. humic ac ids probably have mol ecular we ight s of 100 , 000 or h i gher 
( 1 3 ) . Humic ac ids reacted  with chlorine in a much more act ive way , 
consuming 7 5  per cent more chlor ine and produc ing 1 1 7  per cent more 
CHC1
3 
per unit of  Total Organic Carbon ( TOC ) and 2 3  per cent more 
CHC1 3 per unit of chlor ine consumed ( 1 3 ) . This  would indicate that 
humic ac ids are of great er importance in THM produc t ion .  But , the 
fract ion of aquat ic  humus pres ent as humic ac id is  so smal l  as to 
be  ins ignif icant even if  i t  is  s everal t imes more act ive ( 1 3 ) . 
The study of THM f ormat ion for I owa River water by Schnoor 
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et al . ( 3 3 ) shows the re lat ionships of THM format ion and organic 
molecular we ight s , 1 5  par t s  per b il l ion ( ppb ) of CHC 1
3 
were formed 
from organics having mol ecular we ights  of 3 , 000 to 6 , 000 . Organics  
with  mole cular we i gh t s  of  1 , 700  to 3 , 000 produced the highe s t  concen­
trat ion of CHC 1 3 , 4 3  ppb , and also  s ignificant concentrations of 
CHBrC1
2 
and CHBr2c1 . 
Mo lecular we ight s of organic compounds between 
1 , 000 and 1 , 700 produced a CHC1
3 





c 1 , and CHBr3 concentrat ions of 2 1 . 0 ,  1 1 . 0 , and 2 . 1  ppb , respec­
t ive ly ;  all were the h i ghe s t  ob s erved for  the s e  THMs . Organics 
with mo lecul ar we i gh t s  l e s s  than 1 , 000 produced less  quant i t i e s  
o f  each o f  the four THMs . 
The Trus s e l l  and Umphre's study ( 1 3 ) ind icat�s that at a 
low chlor ine do sage very l it t l e  THMs are formed becaus e mos t  of 
the chlorine i s  consumed by the inorganic rather than the organic 
demand . Sulfide , iron ( I I ) , and ammonia are materials  that might 
be assoc iated with t h i s  effe ct . They react quickly to consume the 
. chlorine , with only trace s  o f  THMs formed . Once the immed iate  
chlor ine demand i s  s at isf ied , the  addi t i onal chlor ine b e g ins to  
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react with any ava i l ab l e  organic material and there is  a nearly 
l inear re lat ionship be tween chlorine dose and the THM l evel achieved . 
Aft er enough chlor ine is  added to  s at i sfy both the immed iate and 
short-term organic chlor ine demands , a long-term chlorine res idual 
is  obt a ined , and any fur ther increases  in THM format ion with increas ­
ing chlorine dos ages are rather mode s t . Result s  from O l iver and 
Shindl er ( 39 )  a l s o  show the nearly l inear increase  in chloroform 
concentrat ion versus  the chlor ine dos a ge dur ing the short - term organic 
chlorine demand s tage , and modest  increases  at l arger chl or ine dos a ge s . 
In wast ewater treatment , it  s eems that the determining fac t or for 
THM formation is  the quant i ty of chlor ine ava i l ab le for the precur s ors  
( 3) . 
The rate of  the THM react ion is  s trongly influenced by pH . 
A THM reduct ion of wel l  over 50 per cent can be ob tained by reduc ing 
the pH_ from 9 to 7 ( 13 ) . Trus s e l l  and Umphre ( 1 3 )  attribute this  
effect to  the  more effic ient molar yield of  THM at  lower pH . O l iver 
and Shindler ( 39 )  report that chloroform is formed from Anabaena 
oscil lar io ides about 3 to 4 t imes more rap idly at pH 11 than pH 7 .  
Stevens et al . a l s o  reported that the rate of THM format ion is  pH 
dependent ( 4 0 ) . The rate  of format ion of THMs increas es  with an 
increase in pH . However , Dore et  al . ( 3 )  report that the inf luence 
of pH should be cons idered in rel at ion to a given halogenat ing agent 
and t o  the nature o f  the precursors . For examp l e , the yield of  
. THMs decrease s  when pH exceeds 9 for s ome organics . 
The var iat ion o f  chloroform and THM concentrat ion as a func-
t ion of the t ime of year has also been reported ( 4 ) ( 35 ). Becaus e 
THM produc t ion may be  dependent on the amount of .organ ic mater ial  
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present in  the water and the  temperature at  which the  react ion proceeds , 
the concentrat ions increase  in summer , peaking in July through Sep-
tember , and decl ine thereafter until  mid-January . It  i s  expected 
that the higher dos e s  of  chlor ine used in the warm summer months 
to ensure against  microb iolog ical problems in comb inat ion with warmer 
wat er temperatures would lead to higher THM concentrat ions in July 
through September ( 4 ) . 
Reduct ion of Trihalomethane s 
The react ion for the format ion of trihalomethanes is : 
Free Chlor ine + Precur s or s  ( Humic Sub s tance s ) + Bromide - - - - �  
Trihalomethanes + O ther By-produc ts  and lead to  three approaches 
for controll ing the concentrat ion of THMs in drinking water ( 31 ) . 
The three general  alt ernat ives ( 12 ) ( 40 )  are : 
treatment to  remove THMs after format ion ; 
treatment to  reduce precur s or concentrations pr ior to 
chlor inat ion ; 
use of an oxidant d i s infectant that does  not generate THMs 
in water ( or that generates l e s s ) . 
Tr ihalomethane Removal 
Removal of  tr ihalomethanes by act ivated carbon adsorpt ion 
has been s tudied by s everal authors ( 5 ) ( 3 1 ) ( 4 1 ) ( 4 2 ) . Rook ( 4 1 ) 
found that powdered act ivated carbon ( PAC ) had a cons iderab le  effe c t  
when appl ied in high dos e s  of  20-40 mg/ 1 .  � rn Rook ' s s tudy ( 4 1 ) , 
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occurred after 2 2 , 14 , 7 ,  and 2 days , respect ive ly . 
The PAC i s  more eff e c t ive in adsorb ing the bromine-conta ining tri­
halomethanes than for chloroform . Quinn and Snoeyink ( 4 2 )  ob s erved 
the build-up of halogenated organics on the carbon was gradual and 
cons istent . Sludge disposal  may be a problem becaus e ads orbent 
dos e s  needed for effect ive treatment were much higher than commonly 
used for taste and odor removal ( 31 ) . 
Ozone comb ined with ul tra-violet  rad iat ion was effe c t ive 
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for THM destruct ion . However , the format ion of undes irab l e  oxidat ion 
by-product s  dur ing treatment may be a prob lem ( 3 1 ) . 
About 90  per cent of the THMs formed can be removed by aerat­
ing the water with a 3 0 : 1  air-to-water ratio ( 5 ) . Aerat ion doe s  
not produce any by-product s  ( 3 1 ) . However , waters high in the 
bromine-conta ining THMs are d ifficult to treat by aerat ion , thereby 
lower ing the eff i c i ency of the proce s s  ( 3 1 ) . Furthermore ,  aerat ion 
as a treatment technique might create an air pol lut ion problem ( 31 ) . 
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Tr ihalomethane Precur s or Removal 
Of the s even techniques s tudied ( clarif icat ion , s ource contro l , 
aerat ion ,  oxidat ion ,  ads orp t ion , b iolog ical de gradat ion , and l ower ing 
the pH ) all  but aerat ion had a s ignif icant effect on the tr ihalome thane 
precursor concentrat ion ( 3 1 ) . Vos s  et  al . ( 5 )  demonstrated that 
permanganate pretreatment and hydrogen peroxide pretreatment prior 
to chlor inat ion reduced CHC 1
3 
format ion markedly . In this  s tudy , 
83  to 100 per cent CHC1
3 
reduction was ob tained with permanganate 
pretreatment at a contact t ime of 1 hour ; 100 per cent of the CHC1
3 
was removed with hydrogen peroxide pretreatment at a 30-minute c ontact 
t ime . By compar i s on of the total organic  carb on ( TOC ) concentrat ion 
of the aqueous humic  s o l ut ion before and after permanganate oxidat ion , 
the l o s s  was e s t imated at about 20 to 2 5  per cent of the or ig inal 
TOC ( 3 7 ) . An average of 98  per cent TOC reduct ion also  was ob s erved 
us ing hydrogen peroxide in the pre s ence of UV l ight ( 4 3 ) . 
In general ,  act ivated-carbon adsorpt ion i s  the mos t  effe ct ive 
s ingle proc e s s  for removing s oluble  organic materials  ( 1 1 ) ( 3 1 ) ( 36 ) . 
Thi s  treatment proc e s s  i s  capab le of removing of about 80 per cent 
of the organic mater ials  ( 1 1 ) . Roberts and Summers reported ( 1 9 )  
that the rat io of effluent concentrat ion to influent concentrat ion 
generally ranged from 0 . 1  to 0 . 5  immediately after s t artup ; whereas  
after the  granular ac t ivated carbon ( GAC ) ads orp t ion condit ion was 
exhaus ted , the removal effe c t ivenes s  was approximately 25 per cent 
of the influent TOC . A 36 . 4  per cent reduct ion in THM format ion 
after break-through in water treated with PAC a l s o  was reported ( 18 ) . 
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The point at which s t e ady s tate is  reached is  an important charac ter­
i s t ic of act ivated carbon treatment . The removal of organic mater ial s 
after the ads orp t ive capacity is  exhaus ted is  achieved pr imar i ly 
by b iodegradat ion ( 1 9 ) . 
Surpr is ingly , removing 33  to 44 per cent of the chloroform 
precursors from l ow-turb id ity waters by direct f iltrat ion was al s o  
reported ( 2 ) . Reduct ion of TTHM precursor compounds can b e  achieved 
by optmiz ing coagul at ion ( 44 ) . Chemi cal coagulat ion removes up 
to one-third of the organic materials  as did anion exchange ( 1 1 ) . 
Oxidat ion with large concentrat ions of ozone was effect ive in removing 
about one-half of the organic materials  ( 11 ) . The detai l s  of ozonat ion 
wil l be presented in a l ater s ect ion . 
Use of Alternat ive D i s infectants 
Chlor ine d ioxide ( Cl0
2
) is a s tronger dis infect ing agent 
than chlor ine . I t  doe s not react with organics , except in the pre s enc e 
of free chlor ine , to form tr ihalomethanes ,  and can provide a longer­
las t ing res idual in the d i s tr ibut ion system than free  res idual chlor ine 
( 45 ) . When c lean C l 0
2 
s o lut ions are app l ied to  drinking water as  
dis infectant , THMs are not  usua l ly formed ( 46 ) . However , as  Mons cvitz  
and Rexing ( 46 )  noted , a cl ean Cl0
2 
so lut ion , free of Cl
2
, was  not 
always produced and , as  a result , low TTHM conc entrat ions were formed . 
The resul t s  of work by Mil tner ( 4 7 )  also  revealed that THMs were 
not produced when chlor ine dioxide is app l ied alone ; when chlor ine 
was pre s ent with chlor ine d ioxide , the presence of TTHM was ob s erved , 
but at a lower conc entrat ion than was noted for chlor ine alone . 
With cons iderat ion to  min imiz ing THM format ion , chlor ine d ioxide 
is  a pos s ib le alternat ive to chlor ine as a dis infectant in water 
treatment ( 46 ) . A maj or d i sadvantage of us ing chlor ine dioxide 
as an alternat ive is the format ion of chlorite  and chlorate ( 31 ) . 
Ozone is  one of the two mos t  potent and effec t ive germic ide s 
used in water tre atment ; only free re s idual chlor ine can approximate 
it in  germic idal power ( 4 8 ) . The  bacter icidal and viruc idal effec­
t ivene s s  of ozone are  we l l  known and have been proved over a per iod 
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of 60  to  70  years  ( 23 ) ( 49 ) . Ozonat ion does not produce  trihalomethanes ,  
but , when ozone i s  used , organics  in the water become more b iode grad­
ab le , and this can resul t  in h i gher microb iological act ivity in 
the dis tribut ion system ( 31 ) . Bes ides , ozone w i l l  not pers ist  as  
a res idual germic ide b e c au s e  it  rap idly decomp o s e s  to ord inary oxygen 
in water ( 48 ) ( 4 9 ) . 
Chlor inat ion in the pre s ence of added ammonia is pract iced 
in s ome locat ions in an attempt to maintain long- last ing chloramine 
res idual s ( 4 0 ) . Stud i e s  ( 40 )  have shown that when comb ined chlor ina­
t ion is pract iced , THM product ion is  minimized . Chloramine s are 
weaker b ioc ide s and the b ioc idal act ion is  even further reduced 
when the pH of the water is  high ( 31 ) . Ammoniat ion is  not recommended 
as a technique to  avo id THM formation becaus e of the relat ive ly 
poor dis infect ion power of chloramine s when compared with that of  
free chlorine ( 12 ) ( 40 ) . Furthermore , chloramines are undergo ing 
carc inogene s is b ioas s ay at the Nat ional Cancer Ins t itute ( 3 1 ) . 
Ozonat ion of Triha l ome thane Precursor s  
Chlor ine i s  currently the mos t  widely-us ed dr inking water 
d is infectant and it s popular ity is  expected to  cont inue b ecause  
of the  ab il ity of chlor ine t o  maintain a res idual within the  d i s ­
tribut ion sys tem . O z one w i l l  not oxidize  THMs at any s igni f i c ant 
rate once they have been formed . Therefore , removing precur s or 
compounds or control l ing the ir react ion with chlor ine is  cons idered 
a more logical approach t o  THM control ( 15 ) ( 40 ) . The technique 
of oxidiz ing THM precur sors w ith ozone has proven to  be an effect ive 
means of precur s or reduc t ion ( 9 ) ( 28 ) ( 31 ) . The powerful oxidiz ing 
proper t ies  of ozone s ugge s t  its use in oxidiz ing organic precur s ors  
s o  that they would be  unava i l ab l e  to react with  chlor ine . Becaus e 
of its  high reac t ivity , ozone can provide a high degree of  treatment 
( 49 ) . Al though ozone is capab le of oxidiz ing many organic compounds 
comp letely to co
2 
and water , this is  seldom at tempted in treat ing 
water because of the large  ozone dosage s ( often above 100  mg / 1 ) 
and very long contact t ime s (more than 2 hour s ) required ( 1 5 ) . 
Rice ( 15 )  reported that mos t  cons t ituent s found in water 
are oxidized predominantly by d irect ozonolys is ( by react ing with 
the ozone molecule i t s e lf ) or by secondary formed free hydroxyl 
radical s . Aromatic  c ompounds form hydroxyaromat i c s  by react ing 
with hydroxyl free rad ical s .  As shown in F i gure 3 ,  the r ings are 
cleaved by ozonolys is  to  produce dicarboxylic ac ids ( such as oxal ic 
ac id ) in sub s equent s teps . I f  the humic sub s t ance contains methy l­
sub s t ituted o l e f ins , they can be  oxid ized to me thyl ketone by  d irect  
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ozonoly s i s , s ome of wh ich can produce THMs upon chlor ination ,  whi l e  
others are s tab le  to  further ozonat ion . The se  s table mat er i a l s  
can be oxidized further b y  hydroxyl rad ical s . 
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R ichard ( 50 )  noted that a t  a cont act t ime of 1 hour , preoz ona-
tion at low dos ages  ( 0 . 4  mg/ 1 )  improved the reduct ion of CHC 1
3 pre­
cur sors but the dose  had to be  increased to 1 mg/ 1 to improve the 
· reduc t ion of CHC 1
2
Br precur s ors . In a s tudy at Louisvil l e , Kentucky 
maj or reduct ions of precur s ors  were accomp l ished with an appl ied 
dos e  of l e s s  than 4 mg/ 1 ozone ( 28 ) . In a s tudy by Jame s M .  Mont gomery 
Engineers , a 1 mg / 1  preo z onat ion treatment re sul ted in an 80  per 
cent reduct ion in CHC1
3 
precur s or ( 14 ) ( 28 ) . The s tudy of Lake of 
Zurich raw water us ing 1 mg / 1  and 5 mg/ 1 ozone dosage s , revea l ed 
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THM formation reduct ions of 67 per cent and 53  per c ent , res p e c t ively 
( 1 5 ) . 
The USEPA c onducted an 80-c ity Nat ional Organic Reconnai s s ance 
Survey in 1 9 7 5  to  determine the nature and extent of the THM prob lem 
in drinking water in the U . S .  Two water treatment p l ant s ut i l i z ing 
ozonat ion were included in the survey ( Strasburg , Pa . and Whit ing , 
Ind . ) .  The S trasbur g  p l ant had a total THM concentration ( at o z one 
dosage of 0 . 5  mg/ 1 )  of l e s s  than 0 . 1  pg/ 1 and was lowe s t  in the 
nat ion . Only 0 . 8  �g/ 1 of THM were found at Whit ing ( at o z one dos age  
less  than 1 . 5  mg/ 1 ) . Thi s  was the second lowe s t  reported value ( 28 ) . 
In  mos t  c a s e s , o z onat ion prior to  chlor inat ion lowers THM 
format ion potent ial ( THMP ) ,  but there have been reports  of increased  
THM format ion when ozonat ion is  fol lowed by  chlor inat ion ( 10 ) ( 1 5 ) . 
The s tudy of Mis s our i River water at Yankton , South Dakota by Graber 
( 16 )  and Van Bout ( 30 )  reve aled that at lower ozone dosage s of  2 mg / 1  
and 4 mg/ 1 pr ior to  chlor inat ion ,  the reduc t ion in TTHM was approx­
imately 16  and 3 per cent , re spective ly . But , at ozone dosage of 
8 mg / 1  prior to chlor ination , an increas e of about 12 per cent in 
TTHM was obtained . 
Apparent ly , us ing ozonat ion prior to effluent chlor inat ion 
can increase THMP as we l l  as  decrease it . Lack of unders tand ing 
of all of the react ions which can occur upon oz onat ion , and d ifferenc e s  
in reac t ivity of humic mat erials  from different geograph ic regions 
make it difficult to pred ict whe ther ozonat ion w i l l  be bene f ic ial  
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o r  de tr imental when ins tal led pr ior t o  f inal chlor inat ion . There fore , 
it  is  evident that t e s t ing should be conducted on each water to  
determine the  appl ic at ion po ints and feas ib i l ity of ozonat ion in a 
proposed or exi s t ing treatment process  ( 1 5 ) . 
O zonat ion to Reduce Odor 
As a general rule , tas te -and-odor-caus ing compounds are 
organic , although many h ighly odorous inorganic sulfide s are a l s o  
encountered . Many o f  the organic compounds that cause unacceptab l e  
taste  and odor s are formed from natural ve getat ion dur ing anaerob ic 
decompos it ion in the ground or in s urface waters in which the d i s s o lved 
oxygen content may be too low to support aerob ic colonie s . The s e  
mater ial s inc lude terpene der ivat ive s , such a s  geosmine , and s ome 
al icyc lic  or aromat ic  alcohol s  ( pheno l s ) ( 9 ) ( 10 ) . Such naturally­
exist ing odorous compounds can usually be ox id ized to  tas te l e s s ,  
odor l e s s  produc t s , or changed in character , to produc e water with 
a faint , sweet ish  odor or tas te  ( 8 ) . For a long t ime , oxidat ion 
by the addit ion of chlor ine has been used to reduc e tas t e  and odor s 
( 50 ) . However , phenol reac t s  very rap idly with free chl or ine to  
form ortho-chlorophenol whos e  taste  and odor threshold i s  more than 
one-hundred t ime s greater than pheno l itself  ( 9 ) . This  compound 
is most  often found in very low concentrat ions ( low ppb range ) , 
but upon chlor inat ion , even the s e  low concentrat ions are high enough 
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to impart a taste  and odor to  water ( 9 ) ( 23 ) . 
Ozone ' s  mos t  trad it ional use  is  s o lving the prob lems of c o l or , 
odor and taste  in dr inking water ( 23 ) ( 28 ) . Odorous c ompounds that 
contain uns aturated l inkage s ,  such as pheno l s , usually  are readily  
oxidizab le  by  oz one . On the o ther hand , saturated organic  comp ounds 
are oxidized at a much  l ower rate by ozone ( 1 0 ) . Ozone reac t s  with 
phenol to produce c is - c i smuconic ac id , a non-toxic mater i al which 
does  not pos s e s s  any taste  or odor . Another compound whi ch c an 
impart the tas te  and odor of rotten eggs to water is  hydrogen sulf ide . 
Ozone oxidize s hydrogen sulf ide to  form sulfate which is tas t e l e s s  
and odor l e s s  ( 9 ) . A n  ozone dos age o f  up t o  2 . 0  mg/ 1  i s  s uffic ient 
for mos t  taste and odor prob l ems ( 27 ) . 
Ozonat ion has been emp loyed extens ive ly for this purp o s e  
in Europe . In a report by O ' Donovan ( 23 ) , it  was found that thre sh­
o lds for  tastes  up  to  18  and those  for odor s up to 10  in  Rhine R iver 
water near Dus s e ldorf could b e  completely e l iminated with ozone 
doses  from 0 . 7  to 1 ppm . Whi t s on ob s erved that , based on 12 years 
of operat ion of his Knot t  H i l l  plant , which was built primar i ly 
to  combat tas te  and odor prob lems from water with a varying a l gal 
content , ozone has removed or reduced some tastes and odors and 
sweetened others ( 23 ) . 
At Hobart , Ind . , a vegetable  oqor , caus ed by dec ay ing vege­
tat ion , was comp l et e ly removed by ozonat ion . At Long Beach , Inc . , 
Lake Michigan water , wi thout coagulat ion or f il trat ion , i s  treated 
with ozone to improve t as te  and odor . At Denver , Pa . , spring runoff s 
and high al gae concentrat ions created obnoxious odors difficult 
to remove . O z one treatment improved the palatab i l ity of this  water . 
At Whit ing , Ind . , a comb inat ion of indus tr ial and refinery was tes  
dis charged to Lake M ichigan , created a water that had been res i s t ant 
to treatment by any method unt i l  ozone was tried . Odor and tas te  
intens ities  were great ly reduc ed and the odor character changed t o  
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a pleasant one , highly s at i sfactory t o  the c onsumers ( 8 ) . Another 
examp l e , presented by Hann ( 8 ) , involved the treatment of the water 
from the Saginaw River heav i ly polluted with was tes  from sugar b e et 
factor ies  and a large chemical p l ant at Midl and , Mich . , produc ing 
more than 400 d ifferent chemical produc t s . The thre shold odor number 
( TON ) of the treated c ity water at Sag inaw somet ime s reache s 2000 , 
and s eldom fal l s  b e l ow 100 . The character of the odor i s  mo s t  un­
p leasant ranging from pheno l ic to ur inous . With ozone treatment 
alone , the TON was reduced by 7 5  per cent . With ozone fol lowed by 
carbon f i ltrat ion , the TON was reduced by 95 per cent . The or i ginal 
dis agreeab le tas te  and odors were removed and a p leasant , swe e t i s h  
odor remained . At pre sent , e ight operat ional US drinking water 
treatment plant s us e ozone , five of them are pr imarily for t as te 
and odor control .  
Ozonat ion to  Reduce Chlor ine Demand 
Ozone is the s tronge s t  water-treatment oxidant c ommerc ial ly 
available . Degrees  of treatment with ozone can vary , but ul t imately 
all  organic matter c an b e  converted to carbon dioxide , water and 
inorganic spec ie s . Many of the s e  organic mater ials can be attacked 
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by chlor ine , therefore , ozonat ion sub s t itut e s  ozone demand for 
chlor ine demand ( 26 ) ( 5 1 ) . This  leads to a reduced chlor ine demand 
when chlor ine is the terminal treatment proc e s s  ( 14 ) . The reduct ion 
of the chlor ine demand of treated water by pre -ozonizat ion is  a l s o  
due to  the oxidat ion o f  s ome o f  the organic mat ter to product s  having 
no chlor ine demand or to  product s  exhib i t ing s low react ion . with 
chlorine ( 52 ) . The mos t  p l aus ib l e  exp lanat ion for this  involve s 
the act ive s it e s  of the organic molecule s ,  which once having b e en 
o�idized or occup ied by o z onides  before chlorinat ion , would not be 
available  for halogenat ion ( 28 ) ( 41 ) . 
When preozonat ion i s  used , both the amount of chlor ine used 
sub sequently and its  react ion t ime are often reduced . Ros en ( 28 )  
found that a f ixed 0 . 5  mg/ 1  chlor ine res idual pers is ted for 150  hours 
without ozonat ion compared with 500 hours when a 0 . 85 mg / 1  ozone pre­
treatment was emp l oyed . Thus , a lower chlor ine dose  can b e  used  to  
achieve a des ired r e s idual after a f ixed t ime or  the s ame dose  w i l l  
give longer-las t ing r e s idua l s . 
The THM format ion after chlorinat ion depends upon the typ e s  
and amounts of the precur sors and t h e  amount of chlor ine avai l ab le . 
The chlor ine demand is  often used as a means of pred ict ing the THM 
format ion . Re searcher s  ( 2 ) ( 21 ) ( 32 ) ( 3 5 )  have shown • that the THM 
concentrat ions in water increase with increase s  in chlor ine demand . 
Symons e t  al . ( 3 2 )  reported a correlat ion coeff ic ient of 0 . 8 5 b e tween 
the TTHM concentrat ion and chlorine demand . Hoehn et  al . ( 3 5 )  a l s o  
conc luded that there i s  a definite d irect ional relat ionsh ip between 
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the TTHM concentrat ion and chlorine demand . Us ing mul t ip l e  regre s s ion 
analys is , studies  of Ottawa River water ( 1 7 )  revealed that chlor ine 
dos age s and demands are dominant in determining mean chloroform 
leve l . Ozonat ion of  organic materials  in water reduced the THM 
precursors  and the chlor ine demand . 
Re lat ive t o  THM format ion , Col thurst  and S inger ( 7 )  found 
that although the chlor ine demands of var ious typ e s  of organics  might 
be the same , the THM format ion potent ial s were different . In the 
case of humic acid , chlor ine was consumed to  s ome degree by non­
CHC1
3
-produc ing react ions or by other chlorine -demanding comp onent s .  
Chlorine demand al s o  c an be affected by other sub s tances , s uch as 
ammonia ( NH
3
-N ) , which reduc e s  the available  chlor ine dos e  for THM 
format ion . The rate of monochloramine format ion is s everal order s 
of magnitude more rap id than the rate of THM format ion ( 44 ) . 
Van Hout ' s  s tudies  ( 30 )  demons trated that ozonat ion generally  
resul t s  in  a reduct ion in  chlorine demand and could reduce chlor ine 
demand up to 14 per cent . I t  has al so  been reported that ozonat ion 
can increase chlor ine demand to value s of between 0 and 2 mg / 1  ( SO ) . 
Richard ( SO )  conc luded that if s everal oxidat ion s tage s are produced 
us ing oxidants of different typ e s  in success ion in the s ame treatment 
line , the result may be  reduct ion or increase in the dos e s  of the 
oxidant appl ied at the end of the treatment l ine . 
Ozonat ion to Reduce Organics 
The organic material s in water supp l ies  were generally b e l iev­
ed to  be of l ittle  health concern until  recent years . Some high-
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molecular-we ight , natural-or i g in ,  and lower-molecular-we ight , 
industrial-or i g in ,  organics  are current ly cons idered to  be  hea l th 
hazardou s mater i a l s , whi l e  o thers are not yet character ized . S ince 
there is  a pos s ib l e  health r isk from the s e  mater ials , it  s e ems prudent 
to minimize the ir concentrat ion in drinking water ( 11 ) . 
Total organic  c arbon ( TO C )  and chemical oxygen demand ( COD ) 
values can be a good me asure of trace- leve l organic impuri t i e s  in 
water ( 3 7 ) ( 4 3 )  whi l e  COD and b iochemical oxygen demand ( BOD ) are 
u�ed for was tewater mos t ly ( 49 ) . TOC value s have been u s ed to  ref l e c t  
variat ions i n  THM precur s or concentrat ions ( 4 ) ( 1 5 ) ( 4 1 ) . For many 
natural waters , the rate of THM format ion may depend pr imar i ly on 
the TOC level rather than on the type of organic precur s or compound 
pres ent ( 44 ) . Report s  have s hown that chloroform product ion was 
a l inear funct ion of TOC at l ow TOC concentrat ion leve l s . In the 
NORS , non-volat i l e  total  organic c arbon ( NVTOC ) was the paramet er 
chos en to  repres ent the concentration of organics  in the water , 
and was s hown to b e  genera l ly proport ional to  THM format ion ( 32 ) . 
The data for the Gras s e  R iver water showed that NVTOC was a good 
indicator of THM precur sors as measured by 7 -day terminal TTHMs  
with an r-value of 0 . 91 ( 21 ) . In the case of was tewaters , the amount 
of TH�� formed depends mo s t ly on the COD and NH: concentrat ions ( 3 ) . 
However , Hoehn e t  al . ( 35 )  po inted out that var iat ions in TTHM con­
centrat ions did not corr e l ate  so we ll with the TOC concentrations . 
The results  of the O t t awa River s tud ies  ( 1 7 )  show that the r-value s 
between TOC and chloroform range from 0 . 03 to  0 . 7 2 .  The se  value s do 
not reflect a part i cul arly  s trong correlat ion b e tween TOC and THMs . 
Among the organic group ings which can be oxidized by ozone 
are o lefinic and acetyenic  carbon-c arbon doub le  and tr ip l e  bonds ; 
aromatic , carbocyc l ic and heterocycl ic molecul e s ; carbon-nitrogen 
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and s imilar uns aturated group ings ; nuc leophilic  molecul e s  such as 
amines ,  sulfide s , sulfoxide s , phosphine s , phosphites , ars ines , 
s e lenide s ,  etc . ; c arbon-hydro gen bonds in al cohol s ,  e thers , _ aldehyde s ,  
amines ,  hydrocarbons , e tc . ; s il icon-hydrogen , s il icon-s i l icon ,  and 
s �l icon-carb on bond s ; and c arbon-metal bonds of various typ e s  ( 25 ) . 
Thermodynamical ly , o z one has the oxidat ion potent ial to  oxid ize  
e s s entially any organ ic compound . Some organic materials  w i l l  be 
completely oxidized to  c arbon dioxide and water , and an actual TOC 
reduct ion will  oc cur ( 10 ) ( 15 ) ( 28 ) . But the ozone dos age l eve l s  
used for potab le water treatment are not suffic ient to  oxidize a l l  
o f  the organic mater ials  t o  carbon dioxide and water ( 14 ) ( 1 5 ) . 
Some spec ific organics  known to  be readily oxidized by ozone have 
been ident ified , inc luding phenols , detergent s ,  and certain pe s t ic id e s . 
Among these , s ome are more readily oxidized by ozone , while  the 
other s are l e s s  reac t ive ( 10 ) . The TOC is  relative ly s t ab l e  for 
the condit ions of o z onat ion which might exist  in dr inking water 
treatment . The ob s erved l o s s  is  mos t  often between 5 and 1 5  per cent , 
and in s ome cases , no reduct ion was noted ( 5 3 ) ( 54 ) . Richard ( 50 )  
reported that preozonat ion at low ozone dosages  had no effect on 
the e l imination of TOC . Ozonat ion of a surface water can reduce 
the TOC up to 2 1  per cent and COD up to 42  per cent ( 30 ) . Mos t  
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of the organics  oxid ized upon ozonat ion will  be  converted t o  other 
organic compounds ( 1 5 )  . .  Oxidat ion us ing l arge concentrat ions ( 1 10  
mg / 1 )  of  ozone was  effect ive in  removing about one-half of  the  or ganic 
mater ial s , even in the c a s e  of ozone-res i s tant n itrogen-containing 
water ( 1 1 ) . Gener a l ly , a reduct ion in COD occurs only after oz one 
has oxidized the organ i c s  to the extent that carbonic ac id is produced 
( 55 ) . 
Surrogate Parame ters 
The analys i s  for spec ific  organic compounds ( THMs ) i s  often 
expens ive and t ime consuming . Spec ial equipment and skil led analy s t s  
are required for THM analys i s . Thi s  analy s i s  i s  beyond the capab i l i­
t ies of mos t  water-u t i l ity l ab orator ie s . There have been s everal  
attempts  to f ind a l e s s - comp lex method for e s t imat ing THM c oncentra­
t ions . The resul t s  have not b een totally succe s s ful . 
Scheuch and Edzwald ( 2 )  attemp te� to relate color intens ity 
to  the concentrat ion of organics  in water . Color was measured with . 
a spectrophotomet er at  4 2 0  nm us ing a 5-cm cell . A wave length of 
420 nm was used by o ther r e s e archers ( 15 ) ( 2 1 ) . Both apparent color 
( unf iltered s amp l e ) and true color ( f iltered s ample ) were me asured 
by Gong and Edzwald ( 2 1 ) . They showed that app arent color had a 
good correlat ion with  t erminal TTHMs with a correlat ion coeffic ent 
of 0 . 9 1 .  A wave length of 330  nm was used to me asure peat fulvic  
ac id concentrat ion ( 56 ) . Co lor ads orpt i on at a wave length of 4 6 0  nm 
was us ed in oz one s tud ies  by Graber ( 16 )  and Van Hout ( 3 0 ) . C o l or 
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ab sorp t ion can be  a rap id ,  d irect measurement . However , t h e  re l at ion­
ship be tween color and organic concentration i s  quite var iab l e . 
The ul tra-violet  spectra of mos t  water- s olub l e  compounds are 
wel l  known . C ommon inorganic s a l t s , with the excep t ion of trans it ion 
metal ions , do not have s ignificant abs orbance s above 2 5 0  nm ( 20 ) . 
Uns aturat ion and aroma t i c ity in organic compounds generally lead to  
s trong character i s t ic UV ab sorpt ion bands ( 20 ) . When TOC was deter­
mined with UV ab s orb ance at a wavel ength of 300 nm ,  TOC removal was 
found to correlate to  UV ab s orpt ion with correlat ion coeffic ient 
greater than 0 . 99 ( 2 2 ) . Many res earchers have reported the use  of UV 
abs orbance at 254  nm to  me asure  organics . . Scheuch and EdZ\-Jald ( 2 )  
used i t  t o  measure  THM precur s or s . Dobbs e t  al . ( 20 )  p lotted UV 
absorbance at 2 54 nm versus  TOC for the Mega S ampler data and s howed 
that approximately 9 7  per cent of the value s fal l with in one s t andard 
deviat ion of the regres s ion l ine . Brunet et al . ( 53 )  found a c l o s e  
relat ionship b e tween organic compounds i n  the water and UV ab s orb anc e 
at 2 7 0  nm and 2 54 nm .  Total UV ( unfiltered s amp l e , 254  nm )  and 
soluble  UV ( fi l tered s amp l e , 254 nm) ab s orbance were measured aga ins t 
TOC and Term TTHM ( 21 ) . H i gh correlat ions were found indicat ing 
that UV ab s orbanc e at  254 nm was a good predictor of NVTOC and Term 
TTHM for Gras s e  R iver water ( 2 1 ) . Gong and Edzwald ( 21 )  obt a ined 
a correl at ion coeff ic ient of 0 . 91 between total UV and NVTOC , a 
correlat ion coeff i c i ent of 0 . 94 be tween total UV and Term TTHM , and a 
correlat ion coeff ic ient of 0 . 88 between solub le  UV and Term TTHM . 
UV abs orbanc e was measured in the NORS to corre l ate with 
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NVTOC ( 32 ) . In  the NORS , UV absorbance did not correlate wel l  with  
NVTOC . Thi s  was attributed to  the  fact  that the  results  were ob t ained 
for d ifferent waters from locat ions throughout the U . S .  and that 
al though ab sorbance frequent ly correlated we ll  with organ ics  for 
a given water , corr e l a t ions varied cons iderab ly between waters . 
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METHODS AND MATERIALS 
P ilot  Plant Descript ion 
The ozone p ilot  p l ant us ed in this study cons i s t s  of an ozone 
generat ion sys tem and contact chamber . This plant was f abricated 
by Emery Industr ies , Inc . , C inc innat i ,  Ohio . A detailed des cript ion 
of pilot plant has been reported by DeBoer ( 5 7 )  and Stoebner ( 58 ) . 
I 
A general des cr ipt ion of the ozone p ilot plant is  pre s ented as  f o l l ows . 
O zone generat ion Syst em 
The ozone generat ion sys tem cons i s ts of a ir-preparat ion unit s , 
an ozone generator , and a control uni t . The a ir-preparat ion uni t s  
cons i s t  of a n  a ir compre s s or , a n  a ir s torage tank , two al ternat ing 
des iccators  ( one purg ing while  the other is in operat ion) , and a 
f i lter . Figure 4 shows the a ir-storage tank and parts of the com-
pres sor and de s iccator . The air is  drawn from the atmosphere and 
compre s s ed to 100 p s ig ( 6 90 KPa gage ) th�n stored in a pres sure 
tank at this pre s s ure . The compres s ed a ir then pas s e s  through a 
coales cer , de s iccator , and fil ter to produce an o i l-les s ,  dry , and 
part icle-free a ir . This  a ir is then dis charged into the ozone gen-
erator at a cons tant rate where the pre s s ure is  mainta ined at 1 5  p s ig 
( 100 KPa gage ) . 
The ozone generator is  a tube-typ e , air-fed ,- and water-cooled 
unit that operates  on a 6 0  Hz , variab le-vol tage (0  to 20 , 000 vo l t s ) 
power supp ly . The component s of the ozone generator are three s t a in-
less  stee l  tub e s , which act as the electrodes , enc losed in a s e a l ed 
F i gure 4 .  A ir Preparat ion Un i t  of O z on e  
G e n e r a t ion S y s t em 
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cyl indrical water j acket ( Figure 5 and 6 )  through which cool ing 
water is c irculated . Centered ins ide the s tainl e s s  s t e e l  tub e s  
are tubular glas s d ie lectr ic s which contain tubular s t a inl e s s  s t e e l  
mesh which serves a s  t h e  inner e lec trode . Ozone is produced when 
air pas s e s  through an e lectrical corona ( cont inuous spark ) resul t ing 
from the potent ial d i fference created by the imposed voltage between 
the s tainl e s s  s te e l  tubes  and glas s dielectric . The heat from the 
corona is removed by the coo l ing water . 
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The electr ic control and monitor ing devices  for the  a ir­
preparat ion units  and ozone generator are located in  a control  unit . 
The funct ions of the c ontrol unit inc lude operat ion of the o z one 
generat ion proce s s , protect ion of the equipment from electr ic al 
overload , and mainta ining o z one product ion efficiency . The control 
unit include s the s t ar t ing and shut-down devices  for the air compre s s or 
and ozone generator , a var iable  trans former (var iac ) to adj us t the 
input voltage to the ozone generator , a vo ltmeter to ind icate the 
input vol tage to the ozone generator , an ammeter to indicate the 
e lectrical current through the ozone generator , and warning l i ght s 
and al arms for low pres sure , high temperature , and high amperage . 
Figure 7 shows thes e  features  of the control unit . 
Contact Chamber 
The contact chamber cons i s t s  two stainl e s s -steel  p ipe columns 
with inner diame ters of 6 inches  ( 1 5 . 2 em) , 16 feet ( 4 . 9  m) in he ight , 
and two rotameters wh ich control the flow of ozonized air to each 
column . Figure 8 shows the top half of the contact columns ; Figure 9 
F i gure 5 .  O z on e  Gene r a t or Mod u l e  ( w i t h  
D i e l e c t r i c s ) 
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F i gur e 6 .  O z one Generat ion Modu l e  
F i gure 7 .  O z one Generation Control Unit  
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F i gure 8 .  Top P ar t  of t h e  O z on a t ion 
C on t a c t C o l umn s 
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Figure 9 .  Bottom Part of the Ozonat ion 
Contact Columns 
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shows the bot tom part o f  the columns with rotameters . Ozonized a ir 
pas s e s  through rotame ters and is  introduced at the bottom of  the 
contact columns through porous stainl e s s  s teel  diffus ers . The water , 
to be ozonated , is  pumped into the first contact column near the 
top of the column and dis charges near the bottom of the column , 
then flows to the top of the second column through a 2 - in .  ( 5 . 1  em ) 
PVC pipe and dis charges  from the bottom of the second column . Another 
PVC p ipe carries  the cont ac tor effluent to the he ight which mainta ins 
th� water level in the se cond column at the des ired depth . The 
water and ozonized air flow countercurrent ly to maximize contac t 
effic iency . The unut i l iz ed ozonized air , off-gas , e s c ap e s  from 
valve s at the top of e ach column . Tygon tub ing is  us ed t o  vent 
the off-gas outdoors to the atmosphere . Figure 10 shows the water 
and ozonized air flow within the contact columns . 
Exper imental Procedure s 
Generator Cal ibrat ion 
Var ious author s ( 58 ) ( 59 )  stated that ozone produc t ion is 
dependent upon the type , qual ity ,  and flow rate of the feed gas , 
the temperature and pre s sure in the ozone generator , the dis charge 
gap between die lectric and e l ectrode , the dis tance between the  e l ec­
trode s ,  and the frequency and voltage of  the power supp ly . For 
this inve s t igat ion , the generator cal ibrat ion me thod deve loped by 
Stoebner ( 58 )  was used . 
In th is  s tudy , air was used as  the feed-gas . The feed-gas  
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flow rate was held  cons tant at 0 . 39 s cfm ( 1 1  s lpm ) , the o z one gener ator 
was maintained at a cons t ant temperature of 68 � ( 20
°
C )  and a cons t ant 
pres s ure of 15 p s ig ( 100  KPa gage ) , and the power supply was a cons tant 
60 Hz . Dur ing the ent ire r e s e arch three dielectr ic tub e s  were us ed . 
Therefore , the ozone produc t ion was dependent only upon the app l ied 
vol tage . 
As ment ioned previous ly , ozone product ion is  a l s o  dependent 
upon the qual ity of feed-ga s , part icularly the mois ture c ontent . 
The mo is ture content of the feed-gas was determined by me asur ing 
the dewpo int of the gas . 
0 0 
A dewpo int of -60  F ( - 51  C )  or l ower i s  
recommended ( 59 ) . However , this  value was never reached during 
the research period . A dewpo int curve was deve loped dur ing the 
pre l iminary s tudies  ( F igure 1 1 ) . The air was dr ied to a dewp o int 
of �40 � ( -40 °C )  by operat ing the air-preparat ion sys tem for approx-
imately one hour . This  l eve l of mo is ture removal is cons idered 
s at is factory for mos t  o z onator operat ing condit ions ( 57 ) ( 6 0 ) . 
To determine the product ion rate of the ozone generator , 
ozonized air �as col lected from a Tygon s amp l ing tube connected t o  
the dis charge port of  t h e  ozone generator . The locat ion of s amp l ing 
po int is  shown in Fi gure 1 2 . The ozone concentrat ion in the ozonized 
air was  determined us ing a variat ion of the iodometric ·method for 
measur ing ozone res idual as des cribed in Standard Me thods ( 6 1 ) . 
Approximately 4 . 5  l iters of the ozonized air were pas s ed , at a rate 
of 1 . 5  l iters per minut e , through a series of two gas -washing bott l e s , 
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The effluent of the gas -washing bottles  was conveyed to  a gas we t - t e s t  
meter v i a  a Tygon tub e  for me asurement of the g a s  volume . The KI  
s olut ion was  then trans ferred to  an erlenmeyer f l ask where 10 ml of 




) was added to  reduce the p H  b e l ow 2 . 0 . The 







s olut ion us ing a s t arch indicator solut ion . 
The quant i ty of  t itrant and the air flow rate were then 
ut il ized to calculate the concentrat ion of ozone in the ozonized 
air . Appendix A contains an outl ine of the calculat ions required 
to determine the ozone product ion of the generator . 
P ilot Plant Operation 
Operat ion of  the p ilot  p l ant was based on the res earch by 
DeBoer ( 5 7 ) : 
( 1 )  the l iquid depth in the contact columns was 14 . 5  fee t 
( 4 . 4  meters ) 
( 2 )  the water and ozonized air flowed countercurrent ly 
( 3 )  the ozonized air was proport ioned so that approximat e ly 
64 per cent flowed through the f irst  column whi l e  the 
remaining 36  per cent flowed through the second column 
Thus , thi s  configurat ion and proportion were used for this r e s e arch . 
The ozonat ion contact t ime was a func t ion of the water volume 
and the water flow rate . S ince the water volume in the contac t 
columns was held con s t ant , the detent ion t ime was a direct  funct ion 
of the water flow rate . Use  of the pos it ive displacement pump , 
powered by a var i ab le - speed motor , enab i ed water flow rates of 1 gpm 
to 9 gpm ( 3 . 8  to  34 . 4  lpm ) to be  ob tained . The contact columns had 
a c onstant water volume of  4 2 . 6  gal ( 16 3 . 0 l i ters ) , exc lud ing the 
connect ing p ip ing , de tent ion t imes of 5 to 40 minutes  were p o s s ib l e . 
In this research , detent ion t imes of 10 , 1 5 , and 20 minute s  were 
s elected . 
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The app l ied ozone dos age was a funct ion o f  the ozone concentra­
t ion in the ozonized a ir ,  the air flow rate , and the water flow r at e . 
When a detent ion t ime was s e l e cted , the water f l ow rate was cons t ant ; 
the a ir flow rate a l s o  was constant as  des cr ibed previous ly . Therefore , 
the appl ied ozone dos age was a funct ion of ozone concentrat ion in the 
o�onized air . Calculat ion of appl ied ozone dos age is pres ent ed in 
Appendix A .  I n  this  r e se arch , appl ied ozone dosage s  o f  0 ,  4 ,  8 ,  and 
12 mg o3 / l iter H2
o were s e l ected . The app l ied oz one dos a ge of 
0 mg o
3
/ l iter H
2
o was s imple  aerat ion . 
Contact ing Eff ic iency 
Dur ing this s tudy , contact ing eff ic iency of ozonat ion for 
var ious treatments  was inve s t igated . Contact ing effic iency is the 
per cent , by we ight , of  ozone consumed by the treated tvater d ivided 
by the app l ied ozone dur ing ozonat ion . The equat ion for c alculat ing 
contact ing eff ic iency is  pre s ented in Append ix A .  For e ach treatment , 
gas s amp l e s  from the ozone generator and contact column off-gas 
were col l ected at the l o c at ions shown in Figure 1 2  and ozone concen­
trat ions were determined .  The off-gas  flow rate was also  measured 
us ing the s ame procedure as de s cr ibed for the Generator · Cal ibrat ion . 
Temperature and pH 
Temperature and pH were monitored for each treated water 
s ampl e  and one untreated �vater s ample  each day of operat ion . Dur ing 
this inve s t igat ion it  was a s s umed that the untreated water qual ity 
rema ined constant dur ing e ach day of operat ion . S amples  were taken 
at the inlet  and out let  of the contact chamb er . Figure 1 2  s hows 
the s amp l ing locat ions . Temperature was measured with a mercury 
thermometer and pH with an Or ion Res earch pH meter . 
Turb idity 
Turb idity was measured us ing the Nephelometr ic me thod and 
expres s ed in Nephe lometr ic Turb id ity Units ( NTU ) . A Hach model  
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2 100A turb idimet er was  used for monitoring turb idi t ie s . Deminer a l i z ed 
water and manufactured s tock turb idity solut ion were used t o  s t andard­
ize the turb idimeter . 
Trihalomethane s 
To determine the tr ihalomethane concentrat ions in the water 
before and after ozonat ion ,  s amp les  were collected at the s amp l ing 
locat ions shown in F i gure 1 2 . A 1 - l iter s ampl e  was col l ected for 
each determinat ion and chlor inated with chlorine s tock s olut ion at a 
dos age of 1 0  mg/ 1 .  The concentrat ion of chlorine s tock solut ion was 
determined , and the volume needed to  provide the de s ired dos age was 
calculated before adding to  the s amp l e . The cal cul at ion for the 
volume of required s tock s olut ion is  pre sented in Append ix A .  The 
1 - l iter chlorinated s amp l e s  were stoppered and stored in a dark loca­
t ion and maintained at t emperature around 20 °C ( 68 °F ) . 
To deve lop a total  THM format ion curve , the total THM concen­
trat ions were determined at 0 . 5 , 12 , 24 , 4 8 , 7 2 , 1 20 , and 16 8 hour s 
after chlorinat ion . The total THM format ion curve , pres ente d  in 
1 )0 
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Figure 1 3 . Total Tr ihalomethane Format ion Potent ial Curve for the Lake Kampeska water 
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Figure 1 3 , was very s imilar to  the curve s deve loped b y  Gong and 
Edzwald ( 2 1 ) . It was a s s umed that the ins tantaneous total THM 
( chlor inat ion for 0 . 5  hour ) was a cons tant frac t ion of the 7 -day total 
THM . 
Forty-ml s amp l e s  were taken from each chlor inated s amp l e . 
The s amp l e  container s cons i s ted of 40-ml vials  with teflon c ap s . 
The react ion between chlor ine and precursor material s was halted at  







) .  The sodium sulfite reacted with the chlor ine to  
make the  chlor ine unavai l ab le for further oxidat ion or sub s t itut ion 
react ions . 
Tr ihalome thane analys e s  were performed by the South Dakota  
State  Univers ity B io chemis try Laboratory , us ing the l iquid / l iquid 
extract ion method as  des cribed by the USEPA ( 6 2 ) . The ins trument us ed 
in  the  analyses  was  a Tracor 560  gas chromatograph with an e l ectron 
capture detector . The columns used were SP- 1000 and squalene 
(6 in x 4 mrn I . D . , 3 percent and 10  perce.nt loading , respective l y ) . 
The sens it ivity of this  equipment was approximately 0 . 1  �g/ 1 .  
Odor 
The effect of oz one on odor contro l was evaluated us ing the 
Thre shold Odor Te s t , detailed in Standard Me thods ( 6 1 ) . Only one set  
of  treated water s amp les  and one untreated water s ampl e  were c o l lected 
and tes ted . The calculat ion of the threshold odor number ( TON ) i s  
pre sented in Append ix A .  
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Chlor ine Demand 
To determine the chlor ine demand of e ach s ample , s amp l e s  were 
col lected and prepared as  de s cr ibed in the first paragraph of 
Tr ihalomethane s .  At the end of the 30-minute contact t ime , the 
s amples  were t itrated amperometrically to  determine the chlor ine 
res idual as des cr ibed in S t andard Methods ( 6 1 ) . A 100-ml s amp le  was 
measured us �ng a graduated cyl inder and transferred to  a 250-ml beaker . 
This  s amp le  was then d iluted to  200 ml with demineral ized water . To 
this s amp le 1 ml of  pH 7 buffer solut ion was added . The s amp l e  was 
then t itrated amperometrical ly with 0 . 00564 N phenylars ine oxide ( PAO ) . 
The chlor ine demand of the s amp l e  was then calculated by s ubtract ing 
the free chlor ine re s idual from the 10 mg/ 1 chlorine dos e . 
Organics 
Total Organic Carbon 
For the total organic carbon ( TO� )  analy s i s , s amp les  were 
collected in 40-ml s amp l e  vial s with rubber septums . No pretreatment 
of the s amples  was required . The s ample vials  were then s ent to  the 
USEPA Dr inking Water Re s e arch Divis ion , C inc innat i ,  Ohio , for TOC 
analys is . TOC analy s i s  was conducted us ing a Dohrmann DC 54 Ultra­
Violet Low-Level TOC analyzer us ing the UV promoted persulfate 
oxidat ion method as  de s cribed by Takahashi ( 6 3 ) . 
Chemical Oxygen Demand 
Chemic al oxygen demand ( COD ) was determined for e ach s amp l e . 
A 50-ml s ample  was used  to analyz e for COD . The COD was measured 
60  
us ing a low- level COD  procedure des cr ibed in  St andard Methods ( 6 1 ) . 
The procedure involved refluxing a mixture containing 50-ml of s amp l e , 
1 gram of mercur ic s ul fate ( HgS0
4
) ,  s everal boil ing chip s , 7 5  ml of  









) per 9 lb  ( 4  Kg) bottle  of ac id , and 2 5  ml of 0 . 02 5  N 






) solut ion . The mixture was refluxed 
for 2 hour s . 
At the end of the 2-hour refluxing , the s amp l e s  were d i l uted  
to twice the ir volume with  d i s t i lled  water and then coo l ed to r oom 
temperature . The s amp le s  then were titrated with 0 . 1  N ferrous 








) s olut ion u s ing ferro in as an end­
po int indicator . The COD concentrat ion was then calculated as pre s ent ­
ed in Appendix A .  
Surrogate Parameters 
Color 
The ab s orbance at a wave length o! 460  nm is  a quant itat ive 
measure of color in water . The selected wave length of 460  nm was b a s ed 
on the previous ozone s tudies  ( 16 ) ( 30 ) . The apparent co lor ( uncentr i­
fuged s amp l e )  and the  true color ( centrifuged s amp l e )  of  e ach s amp l e , 
taken from locat ions s hown in Figure 1 2 , were measured . The centr i­
fuged s amp l e s  were prepared by centrifuging 2 5  ml of  the  s amp l e s  at 
4 , 000 rpm for 15  minutes . The - centrifuged s amp l e  supernatant then 
was measured as true color . Half of both uncentrifuged and centrifug­
ed s amp l e s  were measured with a Bauch and Lomb Spectronic 20  
color imeter whi l e  the other half  were measured with a Beckman DB 
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Spectronic 2000 Spec trophotometer . The s amp l e  container was a l - in 
( 2 . 54-cm)  I . D .  round g l a s s  c e l l  for Spectronic  20 , and a 0 . 3 9 - in ( 1 -cm) 
square quartz c e l l  f or Spec tronic 2000 . 
Ultravio let Ab s orbance 
Ultraviolet  ( UV )  Ab s orbance was measured us ing unfi ltered and 
filtered s amp l e s . F i l tered s amp l e s  were prepared by f i l t er ing 2 5  ml 
of the s amp l e s  through a 0 . 045-um membrane fil ter . The UV abs orbance 
was determined us ing a Beckman DB spectrophotometer ( Spectronic 2000 ) . 
A
·
0 . 3 9 - in ( 1-cm) s quare quartz  cell  was used with the ins trument along 
with a hydrogen l amp to produce a wavelength of 253 . 7  nm . 
Stat i s t ical Analys is 
The effect  of  o z onat ion for reduct ion of Ins t THMs format ion 
was evaluated by an analys i s  of variance CANOVA ) of spl it-b lock de s i gn 
technique ( 64 ) . F-values were calculated and compared with s t andard 
F-value s to determine the s ignificance . - For the surrogate par ameters 
s tudy , Ins t  TTHH was the dependent var iable  �vhile  UV ab s orbance , and 
color ab sorbance were cons idered the independent var iab l e s . The 
F-value of the ANOVA of l inear regres s ion was used to de termine the 
regres s ion relat ions hip between the two var iables . A regre s s ion 
equation was then der ived if the calculated F-value was s ignificant . 
The correlat ion coeff ic ient ( r )  was used to determine the corre lat ion 
between the data and the regre s s ion l ine . For surrogate paramet er 
analys is , average value s of the untreated and treated s amp l e s  of  the 
independent var iab l e s  were paired with the average value s  of untreated  
and treated samp l e s  of the dependent variab l e . A s t andard F-value 
table  at var ious s ignificant l eve l s  is  pres ented in Append ix B .  
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RESULTS AND DI SCUSS ION 
Pre l iminary Study 
From the review of l iterature , it was learned that THM forma­
t ion is  reduced at the var ious appl ied ozone dosages and detent ion 
t ime s in waters with d ifferent qual ities . Because of the l imited t ime 
and resources  ava i l ab l e  it was cons idered impos s ib l e  to evaluate every 
pos s ible  comb inat ion of  the appl ied ozone dos age and contact t ime 
during the s e  s tudie s . Consequent ly , a pre l iminary s tudy was conduc ted 
to reduce the comb inat ions for detailed evaluation to a number 
cons idered reasonab l e  b a s ed on avai l ab l e  res ources . 
In the pre l iminary s t udy , treatment of aerat ion ( ozone dos age 
of 0 mg/ 1 ) and the e3:pp l ied ozone dos age s of 2 ,  4 ,  8 ,  1 2 , 16 , 24 , and 
30 mg/ 1  with the detent ion t imes of 5 ,  10 , 1 5 , and 20 minutes were 
chosen . The higher ozone dosage s  with the lower detent ion t ime s could 
not be  reached due t o  the l imitat ions of_ the ozone generator . A 
summary of Ins t TTHM reduct ions is pre sented in Table  5 .  This t ab l e  
shows a s l i ght TTHM reduc t ion b y  aerat ion and an increas e i n  TTHM 
reduct ion with increases  in ozone do sage . Generally , the reduct ion 
doe s not increase  s i gnificantly at ozone dos ages of 8 mg/ 1 or hi gher . 
From the resul t s  of the pre l iminary s tudy , app l ied ozone dos age s of 
0 ,  4 ,  8 ,  and 12  mg/ 1  and detent ion t ime s of 10 , 15 , and 20  minut e s  
were chosen for further study . 
Contact ing Eff ic iency 
Contact ing eff iciency is  the per cent of ozone ut il ized and 
Tab le  5 . Pre l iminary Studies  of Reduct ions 
of  Inst  TTHM 
Appl i e d  O z one R e duc t i on of Ins t TTHM , Per Cent 
Dosage , mg/1 
Detent ion Time , min . 
5 1 0  1 5  20  
0 1 2 . 2  8 . 5  12 . 2  24 . 1  
2 J4 . 4  J4 . 0  25 . 8  50 . 4  
4 64 . 4  55 . 6  57 . 1  5 J . J 
8 65 . 0 71 . 9  75 . 5  6J. 6  
12  72 . 8  72 . 2  64 . 2  
1 6  77 . 1  67 . 8  80 . ?  
24 76 . J ao . o 
JO 8 1 . J  
ads orbed by water of  the oz one app l ied . A summary of ozonat ion 
contact ing eff ic ienc ie s for the ozone dos age s and contact t ime s 
selected for further s tudy are shown in Tab l e  6 .  At a g iven ozone 
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dosage , the contact effic ienc ies at various detent ion t ime s are quite 
s imilar . Thus , it  would appear that for the time s evaluated , de ten-
t ion time did no t exert any maj or affect on the contact ing effic iency . 
At the app l ied ozone dosages  of 4 ,  8 ,  and 1 2  mg/ 1  the average values 
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Tab l e  6 .  Summary of Ozonat ion Contact ing 
Eff ic ienc ies  
Ozone Ozone Contacting Effi ciencies , 
mg/1 
Detention Time , min . 
1 0  1 5  20 
96 . 1? 95 . 29 95 . )2 
90 . 82 88 . 91 90 . 97 
8 5 . 21 86 . 45 84 . 14 
6 5  
Per Cent 
Average 
95 . 59 
90 . 1 7 
8 5 . 27 
respec t ively . The h ighe s t  contact ing effic iency occurred at an o z one 
dos age of 4 mg/ 1  and det ent ion time of 10 min . while the  lowes t  
contact ing effic iency was  a t  an ozone dos age o f  1 2  mg / 1  a t  2 0  minute s . 
Re sults  of Analys i s  Of  Var iance ( Tab l e  7) shows that ozone dosages  do 
affect the contac t ing effic iency with a high F value of 64 . 56 wh ile  
the  detent ion t ime s do not  affect the contac t ing eff ic iency . The 
results  of this s tudy ( Tab l e  6 )  agree with the study by DeBoer ( 5 7 )  
and Stoebner ( 58 )  on ground waters , but , contradict the s urface water 
s tudy by Nus z ( 60 ) . In conc lus ion , it appears that contact ing 
effic ienc ies were not affected  by detent ion time within the range 
s tudied for a given ozone dos age . However , cont act effic ienc ies  
apparent ly decreased  a s  the  app l ied ozone dosage increased . 
Tab le 7 .  ANOVA of Contact ing Eff ic iency 
S ource Degrees ot Sum of Mean 
or Error Freedom Squares Square 
Repl i cati on :3 65 . 02 21 . 6? 
Dosage 2 640 . 49 )20 . 24 
Rep• Dosage 6 29 . ?? 4 . 96 
Time 2 2 . 82 1 . 41 
Rep•Time 6 59 . 48 9 . 91 
Dos age. Time 4 1 9 . 41 4 . 85 
Rep.Dosage•Time 1 2  1 02 . 40 8 . 5) 
** S ignificant at the 99 per cent l evel 
Temperature and pH 
Computed 
F 
64 . 56** 
0 . 1 4 
o . 51 
The temp erature and pH measurements  of treated and untreated 
s amples  are tabulated in Append ix C ,  Table  C - 3 , C-4 , and C - 5 . 
Table C-3  shows that the untreated water temperature var ied from 
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1 5 . 3°C on  S eptemb er 1 8 , 1 9 8 2  to 2 5 . 9°C on  Augus t 23 , 1 9 8 2 . The averase  
0 
temperature of untreated water was 2 1 . 9  C .  The treated water tempera-
ture s ,  presented in Tab l e  8 ,  ranged from 2 1 . 3°C to 23 . 5°C .  The average 
temperatures at var i ous ozone dosage s , except dosage of 0 mg/ 1 ,  are 
higher than the average untreated water temperature of  21 . 9° C .  
Temperatures of  treated wat er changed very l it t l e  with changes  in 
detent ion t ime s , although they d id increase  temperatures  s l i ght ly with 
Tab l e  8 .  Summary of Treated Water Temperatur e s  
Appl ied Ozone Water Temperature , ·c 
Dosage , mg/1 
Det ention Time , min . Average 
1 0  1 5  20 
0 21 . 5  21 . J  21 . 5  2 1 . 4  
4 2 J . J 22 . 5  22 . )  22 . 7  
8 2 2 . 0  22 . 8  2) . 5  22 . 8 
1 2  22 . 0  22 . 2  22 . 5  22 . 2  
Average Temperature of Raw Water s 2 1 . 9 o C 
increas e s  in detent ion t ime in mos t  ins tances . Re sults  of ANOVA of 
temperature shows that t emperature changed with change in ozone 
do sage which was al s o  reported by Van Hout ( 30 ) , and Stoebner ( 5 8 ) . 
Detent ion t ime doe s not aff e c t  the temperature . This  f inding i s  
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different from the s tudi e s  b y  Nus z ( 6 0 ) . I n  Nus z ' report , the t emper-
atures of the water did not change by ozonat ion . 
pH i s  the negat ive logar ithmic value of the hydrogen ion 
concentrat ion , - l o g ( H
+
) / ( H
+
) ( OH- ) ,  in l iquid . The average pH value s 
in Appendix C ,  Tab le C - 3  and Table 10  are the average s calulated with 
the hydrogen ion concentrations . Table  lO shows the summary of  pH  
values of ozonated water . The average pH value s of the treated water 
appear to  be s l ightly lower than the average pH of the untreated wat er 
( pH 8 . 2 1 )  ( Table  C-3 , Appendix C ) . Al so , the pH value appears to 
Tab l e  9 .  ANOVA of Temp erature  
S ource Degrees of S um of Mean 
or Error Freedom S quares Square 
Repl ication J . 43? . ?? 145 . 92 
Dosage J 1 3 . 88 4 . 6J 
Rep• Dosage 9 ? . so o . 8 J 
Time 2 1 . 1 4 o . s? 
Rep. Time 6 4 . 1 0  0 . 68 
Dosage. Time 6 ? . OJ 1 . 1 ? 
Rep.Dosage.Time 18 J0 . 42 1 . 69 
* S ignifi cant at the 95 per cent l evel 
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Tab l e  10 . Sununary of Treated Hater pH 
O z one Treated Water pH 
mg/1 
Det ent i on Time , min . 
1 0  1 5  20 
8 . 09 8 . 08 8 . 0? 
8 . 1 6 8 . 20 8 . 22 
8 . 1 0 8 . 1 8 8 . 1 2 
7 . 98 8 . 1 1 8 . 1 2 




s . sa• 
0 . 84 
0 . 69 
Average 
8 . 08 
8 . 1 9 
8 . 1 3  
8 . 07 
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decrease while the o z one dos age increases . Th is phenomenon i s  
probab ly due t o  the react ion o f  ozone with hydroxyl  ions , a s  ment ioned 
in the s tud ies by S t oebner ( 58 ) , and Nus z ( 6 0 ) . After o z one r e ac t s  
with hydroxyl ions , the value o f  ( H
+




) appears  to  increase . 
Therefore , the pH value appears to  be lowered . 
Turb idity 
Turb idity is  cau s ed by suspended s o l ids , which are smal l ,  
�o l l o idal-s ized p ar t i c l e s  having highly charged surfaces  ( 10 ) . Many 
inve s t igators over the y e ar s  have generally ob s erved that ozone may 
in certain cas e s  reduce turb id ity ( 28 ) ( 49 ) ( 50 ) . The turb idity dat a 
are t abulated in Tab l e s  C - 3 , and C-6 in Append ix C .  Turb id i t i e s  of  
untreated water range b e tween 9 . 0  NTU on  Augus t 17 , 1 9 8 2  t o  18 . 0  NTU 
on September 1 2 , 1 9 8 2 . The average turb idity of  untreated uat er was 
1 3 . 83 NTU . In Tab l e  1 1  i t  i s  evident that the average treated water 
turb idit ies  for a g iven o z one do sage d id not vary in a pred i c t ab l e  
manner with changes in d e t ention t ime . . However , for a g iven detent ion 
t ime , turb idities  decreased  with increases  in ozone dosage . A l l  
turb idities  of treated waters are lower than the average turb id ity for 
untreated water . I t  has  b een sugge s ted that turb idity in water is  
removed through a comb inat ion of chemical oxidat ion and charge 
neutral izat ion ( 9 ) . However , s t at i s t ical analys is ( Tab le  1 2 )  shows 
that there is  no s ign i f icant turb idity difference by various treatment . 
Tab l e  1 1 . Summary of Treated Water Turb idity 
Appl ied O zone Treated Water Turbidity , NTU 
Dosage , mg/1 
Detention Time , min . Average 
1 0  1 5 20 
0 1 ) . 1 ) 1 ) . 75 1 ) . 00 1 ) . 29 
4 1 ) . 00 1 ) . 50 1 2 . )8 1 2 . 96 
8 1 1 . 63 12 . 44 11 . 75 1 1 . 94 
12  10 . 99 1 1 . 50 1 2 . 1 3  11 . 54 
Average Turbidity of Raw Water a 1 3 . 8 3 
Tabl e  1 2 .  ANOVA of Turb idity 
Source Degrees of s� of Mean Computed 
of Error Freedom Squares Square F 
Replication J 288 . ?? 96 . 26 
Dosage 3 24 . ?J 8 . 24 1 . 5? 
Rep.Dosage 9 4? . 28 5 . 25 
Time 2 J . 34 1 . 67 0 . ?0 
Rep• Time 6 14. 2J 2 . J? 
Dosage. Time 6 4 . 62 0 . 7? o . ss 
Rep•Dosage•Time 1 8  25 . 37 1 . 41 
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Tr ihalomethanes 
The tr ihalomethane s ( THMs ) discus s ed in this s e c t ion inc lude 
ins tantaneous chloroform ( Inst  CHC 13 ) THM , Ins t bromodichloromethane 
· ( CHBrC12
) THM , Ins t chl orodibromomethane ( CHC1Br
2
) ,  and Ins t total  
THM ( TTHM) . S ince bromoform ( CHBr
3
) THM was found only in one of 
the untreated samp l e s  at a very low concentrat ion ( Tab le C - 7 , 
7 1  
Appendix C ) , CHBr
3 
w i l l  not be  dis cus sed . Tab l e  C - 7  shows the concen­
trations of Ins t THMs  for each untreated sampl e  along with the average . 
Ins tantaneous CHC 13 THM 
CHC 1
3 
THM is formed by the react ion of chlor ine and the 
organic sub s t ance s  in s urface water . In many cases , CHC 1
3 
THM is  the 
predominant spec ies  of the TTHM ( 4 ) ( 13 ) ( 16 ) ( 3 1 ) ( 35 ) ( 4 1 ) . In this  
study , CHC 1
3 
THM only accounted for  l e s s  than 4 5  per  cent of  the TTHM . 
A summary of treated water Ins t CHC1 3 THM concentrat ions is  pre s ent ed 
in Table  1 3 . The concentrat ions of treated water Ins t  CHC1
3 
THM 
range from 5 . 09 �g/ 1 at ozone dosage of 8 mg/ 1  detent ion t ime of 
20 min . to 18 . 7 5 �g/ 1 at ozone dosage of 0 mg/ 1  detent ion t ime of 
10 min . Although the Ins t CHC 1
3 
THM concentrat ions for a g iven ozone 
dosage appear to  be decreas ed with increased detent ion t ime s , a 
stat i s t ical analys is  s hows that , s tat ist ically , the concentrat ion of 
CHC1
3 
THM was not s ignif icantly affec ted by detent ion t ime . This  
analys is is  shown in Tab le 14 . However , ozone dosage did affec t  the 
concentrat ion of CHC 1
3 
THM s ignificant ly , at 9 9  per cent l evel . 
The average CHC 1
3 
THMs shown in Tab le  13  are plot ted in 
Figure 14 . It  is  app arent from the Figure that all  of the s e  concen­
trat ions are l e s s  than the average raw water CHC 13 THM concentrat ion 
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Tab l e  1 3 . Summary o f  Treated Water Inst CHC1
3 
Applied Ozone 
Dosage , mg/1 
Ins t  CHCl J Concentration , pgjl 
Detenti on Time , min . Average 
1 0  1 5  20 
0 1 8 . 75 1 5 . 60 14 . 20 1 6 . 1 8  
4 1 1 . 74 9 . 81 8 . 42 9 . 99 
8 9 . 78 5 . 76 5 . 09 6 . 88 
12  8 . 25 1 ) . )8 8 . 59 1 0 . 07 
Average Ins t CHCl
J 
of Raw Water a 1 9 . 07 J.lg/1 
Tab le 14 . ANOVA of Ins tantaneous CHC1
3 
THM 
S ource Degrees of SUJI of Mean Computed 
of  Error Freedolll Squares Square F 
Repl ication J 409-. 1 25 1 J6 . J75 � 
Dosage J 544. 788 1 81 . 596 7 . 99** 
Rep• Dosage 9 204 , 669 22 . 741 
T ime 2 77 . 704 )8 , 852 2 . 77 
Rep. Time 6 84 . 255 1 4 , 04) 
Dosage. Time 6 45 . 969 7 . 662 0 . 1 ) 
Rep.Dosage•Time 1 8  1 0)8 . 262 57 . 679 
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and that there is  an  opt imum ozone do sage for  maximum THM reduct ion 
( 8  mg/ 1 ) . As shown in F i gure 1 5 , reduct ions of CHC1
3 
THM format ion 
due to ozonat ion are 1 5 . 15 ,  4 7 . 6 1 ,  63 . 92 , and 4 7 . 19 p er cent at ozone 
dos age of 0 ,  4 ,  8 ,  and 12 mg / 1 ,  respec t ively . 
W ith aerat ion only ( ozone do s age of 0 mg / 1 ) , s ome organic  
substance s  apparent ly can be  oxidized but mo s t  of the se  THM precur sor s 
s t ill  survive s o  that CHC1
3 
formation is  reduced by only about 1 5  per 
cent . When the ozone dos age increases , more precursors  are oxidi z ed 
�nd the reduc t ion of CHC 1
3 
format ion increas es . With an ozone do s age  
of 4 mg / 1 ,  the  reduc t ion of CHC1
3 
format ion increases  about 3 t ime s 
that of air oxidat ion . At ozone dos age of 1 2 mg/ 1 ,  the organic 
sub s tances are oxid i z ed and are act ivated for the CHC1
3 
format ion . 
That is  the reason of lower reduct ion of CHC1
3 
format ion at oz one 
dos age of 12 mg / 1  than at ozone dosage of 8 mg/ 1 .  Thi s  phenomenon 
is s imil ar to  the ozone s tudy at Yankton , South Dakot a  ( 16 ) . Although 
the ozone dosages  of opt imum CHC1
3 
THM �educ t ion are different , the 
trend of reduct ion is s ame . 
In conc lus ion , ozonat ion of water reduced CHC1
3 
THM format ion 
effec tive ly . CHC 1
3 
THM was reduced with increas ing ozone dos age . At 
an ozone dos age of 8 mg/ 1 ,  it re ached the op t imum reduct ion of 6 3 . 9 2 
per cent . However , the reduct ions of CHC 1 3 THM format ion are not 
affected by detent ion t ime . 
Instantaneous CHBrC 12 THM 
CHBrC1 2 THM is formed by the react ion between chlor ine , 
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waters and as a n  impur ity i n  chlor ine . I t  was observed that chlor ina­
t ion of water cont a ining traces  of bromide ion forms brominated 
methanes ( 13 ) . In this  s tudy , the concentrat ions of Inst CHBrC1
2 
THM 
were nearly equal to the concentrat ions of Ins t CHC1
3 
at g iven ozone 
dosage s and untreated water . A summary of the average Ins t CHBr C 1 2 
THM concentrat ions obtained in thes e  inve s t i gat ions is  s hown in 
Tab l e  1 5 . Thes e  concentrat ions range from 4 . 66 pg/ 1 at o z one do s age 
of 1 2  mg/ 1  detent ion t ime of 20 min . to 1 9 . 24 pg/ 1  at ozone dos age of  
Q mg/ 1  detent ion t ime of 20 min . Although there appears  to  be  a 
var iat ion in concentrat ions with detent ion t ime s at a g iven ozone 
dosage , a s tat i s t ical  analys is , s hown in Tab le 1 6 , indicat e s  that the 
var iat ions were not s t at is t ically s ignif icant . However , the concen­
trat ion of CHBrC1
2 
i s  s t at i s t ical ly affected by ozone do sage at the 
99  per cent leve l . 
Table  1 5  and F igure 16  show that the average concentrat ion 
of CHBrC 1
2 
decre a s e s  with increases  in ozone dos age up to 8 mg / 1 .  
The untreated water CHBr C 12 concentrat ion averaged 19 . 96 �g/ 1  
( Table C - 7 , App end ix C ) . As  shown in Figure 1 7 , reduct ions of CHBrC 1
2 
THM due to  ozonat ion were 1 5 . 63 ,  50 . 20 ,  7 1 . 49 ,  and 7 1 . 64 p er cent  at 
ozone do s age of 0 ,  4 ,  8 ,  and 1 2  mg / 1 ,  respective ly .  The reduc t ion at  
ozone dos age of 8 mg/ 1  was  almo s t  ident ical to the  Graber ' s  report 
( 16 ) . In conclus ion , per cent of reduct ions of Ins t CHBrC1
2 THM 
increased l inear ly w ith increas ing ozone dos age up to 8 mg / 1  and then 
tapered off . However , de tent ion t ime did not affect the reduc t ion 
at a g iven ozone dos age . 
Tab l e  1 5 . Summary of Treated Water Ins t CHBrC 1 2 
Applied Ozone Ins t  CHBrC12 Concentration , pg/1 
Dosage , mg/1 
Detention Time , min . Average 
1 0  1 5  20 
0 1 5 . 29 1 5 . 98 1 9 . 24 1 6 . 84 
4 7 - 57 1 2 . 31 9 - 93 9 . 94 
8 4 . 93 5 . 27 6 . 87  5 . 69 
1 2  5 - 33 6 . 98 4 . 66 5 . 66 
Average Ins t CHBrC12 of Raw Water a 1 9 . 96 pg/1 
Tab l e  1 6 . ANOVA of Ins t ant aneous CHBrC 12 THM 
Source Degrees of Sua of Mean Computed 
of Error Freedom Squares Square F 
Repl i cati on 3 2 ) . 888 7 . 963 
Dosage 3 998 . 692 332 . 897 8 . 46** 
Rep.Dosag� 9 354 . 1 69 39 . 352 
Ti•e 2 3? . 612 1 8 . 806 0 . 26 
Rep.Tiae 6 441 . 032 7 3 . 505 
Dosage• Time 6 63 . 256 1 0 . 543 6 . 48** 
Rep•Dosage•Time 1 8  29 . 297 1 . 628  
** : S ignificant at  th e 99 per cent level 
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Ins tantaneous CHC1 Br2 THM 
Generally , THM occur s in the lowe s t  concentrat ions in the form 
of CHC 1Br
2 
( 4 ) ( 13 ) ( 16 ) ( 32 ) ( 3 5 ) ( 4 1 ) . In this inve s t igat ion , Ins t TTHM 
· was composed of l e s s  than 1 5  per cent Ins t CHC 1Br
2 THM in the chlor in­
ated raw water ( Tabl e  C - 7 , Appendix C ) . Ins t CHC1Br2 THM content of 
the ozonated water var ied from 10  to 3 5  per cent . A summary of the 
average treated water Ins t CHC 1Br2 THM concentrat ion is  s hown in 
Table  1 7 . The s e  concentrat ions range from 1 . 8 1 Mg / 1  at ozone dos age 
of 1 2 mg / 1  detent ion t ime of 10 min . to  1 1 . 33 �g / 1  at ozone dos age of  
8 mg / 1  detent ion t ime of  10  min . Al though the average concentrat ions 
appear to  vary w i th detent ion t ime and ozone do s age a s t at is t ical  
-
analys is ( Tab le 1 8 )  ind icated that the se var iat ions were s t at is t i c a l ly 
ins ignificant . Thi s  r e s ul t  did not agree with other inve s t igator s ' 
f indings that preozonat ion re sulted in increas ing ( 13 )  or decreas ing 
( 16 )  of CHC 1 Br2 THM format ion . 
The variat ions , although not s ignificantly different , are 
shown in F i gure 18  along with the average untreated concentrat ion of 
CHC1Br
2 of 6 . 16 pg / 1 . The reduct ions are pres ented in F i gure 1 9 . 
In contras t with the previous plots , negat ive reduct ions are evident 
if it is a s s umed that var iat ions in CHC1Br2 did occur . 
Ins tantaneous Total THM 
Total THM ( TTHM)  is the sum of the CHC 1
3
, CHBrC1 2 , and CHC 1Br2 
THMs in each tes ted s amp l e . Becaus e the USEPA e s tab l i shed the Maximum 
Contaminant Leve l ( MCL ) for THMs based on the total THM , perhap s this  
parameter merits  more cons iderat ion than the ind ividual THM spec ie s . 
Tab le 1 7 . Summary of Treated Wat er Ins t CHC1 Br 2 
Appl ied Ozone Ins t CHC1Br2 Concentrati on ,  p.g/1 
· Dosage , mg/1 
Detention Time , min. Average 
1 0  1 5  20 
0 2 . 40 5 - 53 3 . 69 3 . 87 
4 9 . 20 5 . 66 ? . 52 ? . 46 
8 1 1 . 33 2 . 68 5 . 77 6 . 65 
12 1 . 81  ? . 42 2 . 30 3 . 84 
Average Ins t CHC1Br2 of Raw Water a  6 . 1 6  �g/1 
Tab l e  1 8 . ANOVA of Ins tantaneous CHC1Br 2 
THM 
S ource Degrees o£ swi or Mean Computed 
of Error Freedom Squares Square F 
Repl ication J 151 . 931 50 . 644 
Dosage 3 1 27 . 1 74 42 . )91  2 . 17 
Rep.Dosage 9 1 75 . 808 1 9 . 534 
Time 2 1 5 . 1 1 2  7 . 556 0 . 23 
Rep• Time 6 1 94 . 766 32 . 461 
Dosage. Time 6 254 . 523 42 . 42 1  2 . 1 6  
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The water treatment s c ient i s t  assumed that ozonat ion could chemical ly 
oxidize s ome of the THM precur sors to co
2 
and the balance to other 
organic compounds wh ich could not produce THMs . On the other hand , 
ozone can convert s ome non-THM precursor mater ials  into compounds 
which can produc e e i ther ( a )  a decl ine in THMFP , ( b )  an increase  in 
THMFP , or ( c )  no change in THMFP ( 10 ) ( 15 ) . 
The average treated water Ins t TTHM concentrat ions obt a ined 
in this inve s t i gat ion are pre s ented in Table  19 . The s e  concentrat ions 
�ange from 1 3 . 9 1 �g / 1  at oz one dosage of 8 mg/ 1 detent ion t ime of 
15  min . to 3 7 . 1 2 Mg/ 1 at oz one dosage of 0 mg/ 1  detent ion t ime of 
20 min . As shown in Tab l e  20 ,  stat i s t ical analys e s  revealed that the 
concentration of TTHM was not s ignif icantly affected by detent ion t ime . 
However , TTHMs were inf luenced by ozone dos age at the 9 9  per cent leve l . 
From Figure 20 , it i s  evident the TTHM concentrat ions decreased with 
increas ing ozone dos ages up to  8 mg/ 1  of ozone . Higher ozone dos age s 
did not produce lower TTHM concentrat io�s . The Figure a l s o  shows that 
aerat ion (0 mg/ 1  ozone ) brought about some reduc t ion in TTHMs . 
Expre s s ed as a per cent of the raw water THM ' s ,  aerat ion and ozonat ion 
brought about reduct ions up to 57 per cent , as shown in F i gure 21 . 
The reduc t ions in TTHM format ion are almos t  proport ional for 
ozone do s ages up to 8 mg/ 1 .  An ozone dosage of 8 mg / 1  appears  to  be 
mos t  appropr iate for use in de s igning a treatment system for reduc t ion 
of TTHM format ion . 
Tab l e  1 9 . Summary of Treated Water Ins t TTHM 
Appl ied  Ozone Ins t TTHM Concentration , Jlg/1 
Dosage , mg/1 
Detenti on Time , min . Average 
1 0  1 5  2 0  
0 36 . 44 37 . 1 0 37 . 12 36 . 89 
4 28 . 51 27 . ?8 25 . 8 7 2 7 . J9 
8 2 6 . 04 1 3 . 91 1 ? . 7J 1 9 . 2 3  
1 2  1 5 . J8 27 . 78 1 5 . 55 1 9 . 57 
Average Ins t TTHM of Raw Water ' 45 . 51 pg/1 
Table  20 . ANOVA of Ins tantaneous Total THM 
S ource  Degrees of  Sum of Mean Computed 
of Error Freedom Squares Square F 
Replication 3 8J2 . 624 227 • .541 
Dosage 3 2489 . 8.52 829. 9.51  8 . 41** 
Rep*Dosage 9 887 . 670 98 . 630 
Time 2 69 . 347 34 . 674 0 . 09 
Rep* Time 6 2227 . 78 3  371 . 297 
Dosage* Time 6 658 . 873  1 09 . 8 12 o . so 
Rep*Dosage*Time 18 3968 . 497 220 . 472 
** S ignifi cant at the 99 per cent level 
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Odor 
Uncontaminated water does not have odor or taste . Mos t  organic 
and some inorganic chemical s contribute taste or odor in wat er . I n  
awarene s s  of the r i s k  to health from chemical contam inant s and for 
aes thetic  reasons , the odor test is  a very us eful method in evaluat ing 
water qual ity . 
One samp l e  from each treatment ( dosage versus det ent ion t ime ) 
was analyzed for the Threshold Odor Number ( TON ) and compared with 
- those obtained from ozonat ion of Huron water ( 6 0 ) . The TON data are 
tabulated in Tab l e  2 1 . As  s hown in this Tab le , the TONs are cons ider­
ab ly lower for wat er ozonated at 4 and 8 mg/ 1 ,  than for 0 mg/ 1  and 
1 2  mg/ 1 dos age s . Although the TON of water ozonated at 1 2  mg/ 1  was 
about the same as the aerated water , the odor of the aerated water 
could be characteri z ed as an unp leasant , musty , burning-rubber , f ishy 
odor whereas the ozonated water had a p leasant , sweet  odor . The 
results of thre shold odor t e s t  agree w�th the results  from Huron wat er 
study ( 60 ) . S tat i s t ical  analy s i s  was not performed because  only one 
samp l e  from each tre atment was tested so that there was no degree of 
freedom for individual var iation .  Cons equently , the effect o f  ozona­
tion can not be  determined s tat i s t ically . However , if it  was as sumed 
that ozonat ion did affect odor reduc t ion , it appears from Tab l e  21 
that an ozone dos age of 4 mg / 1  and contact t ime of 1 0  minute s  would 
be  appropriate for treat ing Lake Kampeska water for odor . 
Tab l e  2 1 .  Summary of Treated Water Threshold 
Odor Te s t  
Applied Ozone  Threshol d Odor Numbers , TON 
Dosage , mg/1 
Detention T ille , min . Average 
1 0  1 5  20 
0 25 . 9  22 . 6  1 ) . 8  20 . 8  
4 ? . 6  7 . 6  1 2 . ? 9 . 3  
8 ? . )  1 1 . ? 9 . 6 9 . 5 
1 2  1 4 . 8  1 6 . 9 26 . 0 19 . 2  
Average TON of Raw Water ' 1 ) . 6 
Chlor ine Demand 
Chlor ine demand was measured as the d ifference of chlor ine 
dos age and free chlor ine r e s idual . The chlor ine demand for the 
var ious runs are pre s ented in Table 22 ·. The s e  demands ranged from 
3 . 6 5 mg/ 1  at an ozone dosage of 0 mg / 1  and detent ion t ime of 20  min . 
8 9  
to 4 . 26 mg/ 1  a t  ozone dosage o f  1 2  mg/ 1  and detent ion t ime of 1 5  min . 
It  is  obvious from the tab le that as the ozone dos age increased , 
chlor ine demand a l s o  incre as ed . Stat i s t ical analy s i s  ( Tab le 2 3 )  
showed that there were s ignif icant chlor ine demand differenc e s  among 
the various ozonat ion dosage s . But , chlor ine demand was not s i gnif i-
cantly affected by detent ion t ime . The average chl orine demand of 
the untreated water was 4 . 04 mg / 1  ( Tab le C - 1 3 , Appendix C ) . The 
Tabl e  22 . Summary of Treated Wat er Chl or ine Demand 
Applied O z one Chl orine Demand , mg/1 
Dosage , mg,/1 
Detention T ime , min . Average 
1 0  1 5  20 
0 J . 76 ) . 8 1 ) . 65 J . 74 
4 ) . 98 4 . 09 ) . B ) ) . 97 
8 4. 12  J . 98 ) . 92 4 . 0 1  
12  4 . 00 4 . 26 4. 20 4. 1 5  
Average Chl orine Demand of Raw Water a 4 . 04 mg/1 _  
Tab l e  2 3 . ANOVA of Chlor ine Demand 
S ource Degrees of Sum or Mean 
or Error Freedom Squares Square 
Repl ication J 1 0 . 485 ) . 495 
Dosage ) 1 . 048 0 . )49 
Rep.Dosage 9 0 . 205 0 . 023 
Time 2 0 . 145 o . O?J 
Rep. Time 6 0 . 1 ?4 0 . 029 
Dosage. Time 6 0 . 2?8 0 . 046 
Rep•Dosage•Time 18 1 . 4)8 o . oao 
** Significant at the 99 per cent l evel 
Computed 
F 
1 5 . 1 7** 
2 . 52 
o . s8 
90 
plotted chlorine demand of ozonated water at g iven ozone dos ages  
compared with untreated water chlorine demand was  pre s ented in  
9 1  
F igure 22 . Aerat ion alone reduced this demand by 7 . 4  per  cent . As  
shown in F igure 23 , aerat ion alone produced a larger reduct ion in 
chlor ine demand than ozonat i on . In fact at an ozone dosage of 1 2  mg / 1 ,  
chlor ine demand actually  increased by 2 . 7  per cent . Thi s  increas ed 
chlor ine demand was the phenomenon of interference of ozonat ion ( 5 0 ) . 
In some cases , ozonat ion prior to chlor inat ion could increase  
�hlor ine demand . I t  i s  not pract ical to  ozonate  Kampe ska wat er for 
the purpos e of reduc ing chl or ine demand at an ozone dos age h igher than 
8 mg/ 1 .  
Organics  
Total Organic carbon 
Total Organic C arbon ( TOC ) was also  determined for each run . 
Thes e  concentrat ions are pre s ented in Tab le 24 . I t  appe ars  that 
averages of TOC concentrat ions of ozonated waters are h igher than the 
average TOC of untreated water of 7 . 14 mg/ 1  ( Tab le C - 1 3 , Appendix C ) . 
Stat i s t i cal analys i s  ( Tab le  2 5 )  shows that ozonat ion did not chang e 
TOC concentrat ion s ign if icant ly . However , the TOC concentrat ions 
were compared and pres ented in Figure 24 . Literature ( 1 5 ) ( 30 ) ( 50 )  
( 53 ) ( 54 )  has s hown that ozonat ion of raw water had l ittle  or n o  effect  
o n  the TOC  concentrat ion . In  this inves t igat ion , ozone d id not reduce 
TOC concentrat ion . The consumed ozone dur ing ozonat ion apparent ly 
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Tab l e  24 . Summary of Treated Water TOC 
Appl i ed Ozone TOC Concentration , mg/1 
Dos age ,  �ng/1 
Detention Time , min . 
1 0  15 20  
0 7 . 24 7 . 5) 7 . 66 
4 7 . 88 7 . 27 6 . 69 
8 8 . )4 9 . 57 8 . 24 
12  7 . 48 7 . J7 6 . 77 
Average TOC of Raw Water s 7 . 14 mg/1 
Tab l e  2 5 . ANOVA of Total Organic Carbon 
Source Degrees ot Sum of Mean 
of Error Freedom Squares Square 
Replication 1 J . 18 J . 18 
Dosage J 8 . 98 2 . 99 
Rep ... Dosage J B . J? 2 . ?9 
Time 2 1 . 4? 0 . ?4 
Rep .. Time 2 0 . 92 0 . 46 
Dosage ... Time 6 2 . 91 0 . 46 
Rep•Dosage.Time 6 1 0 . ?1 1 . 79 
94  
Average 
7 . 48 
7 . 28 
8 .  71 
7 . 20 
Computed 
F 
1 . 07 
1 . 61 
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compounds ( 15 ) . The ins ignificant increase s  in TOC concentrat ions 
after ozonat ion m i ght come from contaminat ion dur ing s amp l ing . 
Chemical Oxygen Demand 
96  
The  data of untreated water chemical oxygen demands ( CODs ) 
are tabulated in Append ix C ,  Tab l e  C - 1 3 . Average CODs of ozonated 
water ( Table  26 ) appeared to  be lower than the untreated water COD of 
1 8 . 84 mg/ 1 .  Stat i s t ical  analys is ( Tab le  2 7 ) showed that ozone do s age 
affected the COD level with a high F value of 2 7 . 39 ,  at  99 per cent 
· · level . However , detent ion t ime of ozonat ion d id not affect COD , 
s ta t i s tically . 
Plots of COD for given ozone dosage s were compared with un­
treated water COD ( F igure 2 5 ) . Aerat ion alone , ozone dos age of  0 mg / 1 ,  
the treated water COD was s l ightly lower than the untreated water . 
The COD decl�ned with increa s ed ozone dosage . The reduct ions of COD 
are pre s ented in F igure 26 . Ozonat ion could reduce COD up to 20 . 28 
per cent with ozone dos age of 1 2  mg/ 1 ,  -which was the highes t  dosage 
in this inve s t igat ion . F i gure 26 also  s hows that ozonat ion reduced 
COD in proport ion to the ozone dosage up to 8 mg/ 1 .  Thi s  phenomenon 
probab ly ind icates  that oxid izab l e  organic s pres ent in the water 
cons is ted of unsaturated compounds that could be attacked read ily by 
ozone (4 9 ) . 
In conclus ion , it  appears that ozonat ion of raw water reduce s 
chemical oxygen demand . Moreover , reduct ion of COD increases  with 
increas ing ozone do s age . De tent ion t ime of ozonat ion doe s  not affect  
COD for the  range of  t imes s tudied . 
Appl ied 
Dos age , 
Table  2 6 . Summary of Treated Water COD 
Ozone COD Concentration ,  mg/1 
mg/1 
Detention Time , min . Average 
1 0  1 5  2 0  
0 1 9 . 01 1 8 . 88 1 ? . )8 
4 1 6 . 44 1 7 . 1 8 1 7 . 54 
8 1 5 . 06 1 5 . 79 1 5 . )9 
1 2  1 ) . 5 9 1 4 . 49 1 6 . 97 
Average COD of Raw Water a 1 8 . 84 mg/1 
Tab l e  2 7 . ANOVA of Chemical Oxygen Demand 
S ource Degrees of Sum of 
of Error Freedom Squares 
Repli cation J 20 . 59 
Doe age J 88 . 5? 
Rep. Dosage 9 9 . ?0 
Time 2 5 . 36 
Rep. Time 6 1 5 . 6? 
Dosage. Time 6 29 . 33 
Rep.Doeage•Time 1 8  26 . 69 
* S ignificant at the 95 per cent l evel 
** S ignificant at the 99 per cent l evel 
Mean 
Square 
6 . 86 
29 . 52 
1 . 08 
2 . 68 
2 . 61 
4 . 89 
1 . � 
1 8 . 42 
1 7 . 05 
1 5 . 41 
1 5 . 02 
Computed 
F 
2? . J9** 
1 . 03 
) . )0* 
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Surrogate Parameters 
The parame ters evaluated as pos s ible surrogate s for Ins t TTHM 
were UV ab sorbance at a wave length of 2 53 . 7  nm for unf i l t ered s amp le s  
(UV-UN ) and f il tered s amples (UV- F ) , and color ab s orbance a t  a wave ­
length of 460 nm for uncentrifuged s amples tes ted with the Spectronic 
20 ( 460-U20 ) and Spectronic 2000 ( 460-U2000 ) , and centr ifuged s ample s 
tes ted with the Spectronic 20  ( 46 0-C20 ) and Spectronic 2000 ( 460-C2000 ) . 
The dependent var iab l e  was Ins t TTHM . The average value of  each 
treatment was us ed for l inear regres s ion analys is . The data for 
untreated water spec trophotometr ic character i s t ics  were t abulated in 
Tab l e  C - 1 8 , Appendix C .  The s tat ist ical resul t s  of l inear regre s s ion 
analys is were  pre s ented in Table  D - 1 , Append ix D .  
UV Abs orbance 
A Beckman Spec tronic 2000 was used for measur ing the UV 
abs orbance . The wavelength s e t t ing was 253 . 7  nm . The average read­
ing of demineral ized water was 0 . 39 2  ( �able  C - 1 7 , Appendix C ) . Both 
f iltered and unf i ltered s amp l e s  were measured and will  be  d iscus s ed 
separate ly . 
UV Absorbance of Unf i l t ered Samp les  
The summary of treated water UV absorbance for unfi l tered 
samples  is  shown in Tab le  28 . From Table D- 1 ,  Appendix D ,  the F value 
for l ine ar regre s s ion of Ins t TTHM UV-UN was 23 . 62 , s ignificant at 
9 9  per cent leve l . Th is F value is also  the highe s t  among the para­
meters t e s ted . The correlat ion coeff ic ient ( r ) was 0 . 83 , wh ich showed 
ne arly 7 0  per cent of the data agreed with the l inear regre s s ion with 
Tab l e  28 . Summary of Treated Water ( Unf i l t ered ) 
UV Ab s orbance 
Applied  Ozone uv Abs orbance , uv253 • 7 ( cm-
1 ) 
mg/1 Dosage ,  
� 
:s. 





c ' ! M 
Detent ion Time , min . Average 
1 0  1 5  20 
0 0 . 598 0 . 603 0 . 602 0 . 601 
4 0 . 552 0 . 548 0 . 560 0 . 5 5 3  
8 0 . 545 0 . 5 5 3  0 . 5 53 0 . 5 5 0  
1 2  0 . 545 0 . 544 0 . 547 0 . 545 
50 ----------------------------------------------� 
40 
Y • 319 . 15 X - 153 . 35 
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an equat ion of Y = 3 1 9 . 1 5X - 1 5 3 . 3 5 ,  F igure 2 7 . The r value of 0 . 8 3 
was high enough to  ind icate reasonab ly good correlat ion between the 
two variables . The regre s s ion l ine also indicated that the concentra­
t ion of Ins t TTHM increased with increas ing UV abs orbance . 
Although the correlat ion coeff ic ient ( r ) of 0 . 83 was not as 
high as reported by Gong and Edzwald ( 2 1 )  ( r = 0 . 94 )  it  was much 
higher than report ed by Graber ( 16 )  ( r = 0 . 44 ) . I t  was conc luded 
that UV ab sorbance of unf i l t ered samples  could be used as  a surrogate 
· · parameter to pred ict  the Ins t TTHM concentrat ion for Lake Kampe ska 
water . 
UV Ab s orbance of F i l t ered S amples  
The summary of treated water UV ab s orbance for f il t ered 
samples  is  shown in Tab l e  2 9 . The F value for l inear regres s ion of 
Ins t TTHM UV-F was 1 0 . 7 5 ,  s ign if icant at 99  per cent l evel ( Table  D- 1 ,  
Appendix D ) . I t  appe ared that the Ins t TTHM concentrat ions of f i l ter­
ed samples  changed with change s in UV absorbance . However , the 
correlat ion coeff icient ( r ) was only 0 . 7 which s howed only about 50 
per cent of the data agreed with the l inear regress ion equat ion of 
Y = l 7 6 . 58X - 6 3 . 74 ( F i gure 28 ) . An r value of 0 . 7  was too low to be 
cons idered as s t at is t ical s ignificant . In conclus ion , UV ab sorbance 
of filtered s amples was not suitable  for pred ict ing TTHM concentrat ion . 
Color Ab sorb ance 
Baus ch & Lomb Spectronic 20 and Beckman Spec tron ic 2000 at a 
wave length of 460 nm were used for measuring the color ab s orbance . 
The instrument s were cal ibrated with demineral ized water . The average 
Tabl e  29 . Summary of Treated Water ( F iltered)  
UV Ab sorbance 
Applied Ozone uv Abs orbance ,  uv253• 7 ( ca-1 ) Doeage , ag/1 
Detention Ti•e , ain . Average 
10  15  20 
0 0 . 544 0 . 566 0 . 587 0 . 566 
4 0 . 495 0 . 5)2 0 . 494 o . so? 
8 0 . 486 0 . 482 0 . 52? 0 . 498 
1 2 0 . 481 0 . 459 0 . 480 0 . 47J 
50r-------------------------------------� 
40 
� C) $ Y • 1 ?6 . 58 X - 6) .4? 
• r • o .  ?0 
1: JO 
Ill :s 0 
• 




0 0 . 1 0 0 . 20 0 . )0 0 . 40 o . so 0 . 60 
UV ( 25). ? nm )  Absorbance ,  cm-1 
Figure 28 . Corre lat ion Between Ins t TTHM and UV 
Ab s orbance ( F iltered Sample , Measured 
with Spectronic 2000 ) 
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read ing for the Spec tron ic 2000 was 0 . 37 3  ( as recorded in Tab l e  C - 1 7 , 
Appendix C ) . Both uncentr ifuged and centr ifuged s amp l e s  were measured 
with Spectronic 20  and 2000 and will be  discus s ed individua l ly . 
Color Ab sorb ance of Uncentr ifuged Samples with Spectronic 20 
The summary of treated water color ab s orbance for uncentr ifug­
ed samples  us ing the Spectronic 20 is shown in Tab l e  30 . The F value 
for l inear regre s s ion of 460-U20 was 2 1 . 45 ( Tab le  D - 1 , Appendix D )  
which i s  s ignificant a t  9 9  per cent leve l . The F value was a l s o  the 
second highes t  among the t e s ted parameters . The l inear regre s s ion 
equat ion was determined as Y = 726 . 0 3X - 18 . 38 ( Figure 2 9 ) . The 
corre lat ion coeff ic ient ( r )  was 0 . 81 which showed that about 66 per 
cent of the data agreed with the l inear regres s ion equat ion . The 
r value of 0 . 8 1 ind icated that there was a good corr e l at ion b e tween 
Inst TTHM and color ab s orbanc e of uncentrifuged samp l e s . Therefore , 
the color ab sorbance , at a wave length of 460 nm ,  for uncentr ifuged 
samples  as  measured us ing a Spectronic 20 can be  used as a surrogate 
parameter . 
Color Ab s orbance of Uncentr ifuged Sam�es with Spectronic 2000 
The summary of treated water color abs orbance for uncentr ifug­
ed s amples  us ing a Spectronic  2000 is  shown in Table  3 1 . The F value 
for l �near regre s s ion of 460-U2000 was 3 . 06 ,  not s ignifi c ant at  the 
95 per cent level ( Tab le  D- 1 ,  Appendix D ) . Apparent ly , there was no 
l inear regre s s ion relat ionsh ip between the two var iab l e s . Al s o , the 
corre lat ion coeff ic ient ( r )  of 0 . 4 7 shows the poor corr e l at ion 
Tab le 30 . Summary of Treated Water (Uncentrifuged ) 
Color Ab s orbance 
Applied Ozone 
Dosage , mg/1 







Detention Time , min .  
1 0 1 5  20 
0 . 07:3 0. 075 0 . 075 
0 . 069 0 . 055 0 . 048 
0 . 059 o. os6 0 . 06) 
o . o56 0 . 057 0 . 049 
o o . o1 o. oz o . o J  o . 04 o . os o . o6 o . o7 o . os o . o9 o . 1 o 
A�orbance ( 460 na ) , in-1 
Average 
0 . 074 
0 . 057 
0 . 059 
0 . 054 
F igure 29 . Correlat ion Between Ins t TTHM and Abs orbance 
( Uncentr ifuged Sample , Measured with 
Spectronic 20 ) 
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Tab l e  3 1 . Summary of Treated Water ( Uncentrifuged) 
Color Ab sorbance 







... � ... 







Detention Tille , ain . 
1 0 15  2 0  
0 . 425 o . 4JO 0 . 42? 
0 . 4)0 0 . 422 0 . 424 
0 . 424 0 . 41 7  0 . 41 8  









1 0  
0 o�--�o .�17o----o�.�z o�--�o�. J�0�--7o�. 47o----o�. s· o 
Absorbance ( 460 na ) , cm-1 
Average 
0 . 427 
0 . 425 
0 . 420 
0 . 42 1 
F igure  30 . Corr e l at ion Between Ins t TTHM and Abs orbance 
( Uncentr ifuged Sample , Me asured with 
Spectronic 2000 ) 
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between Inst  TTHM and ab s orbance ( Fi gure 30 ) . Therefore , color 
abs orbance at a wave l ength of 460 nm for uncentrifuged s amp l es a s  
measured w i t h  a Spectronic 2000 is  a poor surrogate paramet er for 
ins tantaneous TTHMs . 
Color Ab s orbance of Centr ifuged Samples with Spectronic 20  
1 0 7  
The summary of  treated water color abs orbance of centr ifuged 
samples  with Spectronic 20  is  shown in Table 3 2 . The F value for 
l inear regre s s ion of 460-C20  s amp l e s  was 9 . 86 ,  s ignificant at  the 99 
per cent l evel ( Tab l e  D- 1 ,  Appendix D ) . There was a l inear regre s s ion 
relat ionship Qetween the two variab les  with an equat ion of 
Y = 5 2 1 . 7 3X + 1 7 . 3 8 ( Fi gure 31 ) . But , the corre lat ion coeffic ient ( r )  
value o f  0 . 6 7 s howed only 4 5  per cent o f  the data agreed with the 
equation , it  was not s ta t i s t ical ly s ignif icant . Based on this outcome , 
color ab s orbance ( 460  nm) of centr ifuged s amp l e s  as  measured us ing a 
Spectronic 20  would not appear to  be a des irab le  surrogate p arame ter 
for ins tantaneous TTHMs . 
Color Absorbance of Centrifuged Samples with Spectronic 2000 
The summary of treated water color ab s orbance of centrifuged 
samples  as determined us ing the Spectronic 2000 is shown in Tab l e  3 3 . 
The F value for l inear regre s s ion of 460-C2000 was 1 . 2 3 ( Tab le  D - 1 , 
Appendix D ) which showed that l inear regre s s ion re lat ion between I n s t  
TTHM and ab s orbance of centr ifuged samples  w a s  s tat i s t ically ins ig­
nif icant . Al so , the corre lat ion coeff icient ( r )  value of  0 . 3 2 showed 
poor corre lat ion between the var iab l e s  ( Figure 3 2 ) . Color ab s orbanc e 
Tab l e  3 2 . Summary of Treated Water ( Centrifuged ) 
Color Abs orbance 
Applied Ozone Col or Abs orbance ,  A460 ( in-1 )  Dosage , ag/1 
Detention Tiae , min.  Average 
10 1.5  20 
0 0 . 023 o . OJS 0 . 04? 0 . 0)5 
4 0. 014 0 . 001 0 . 006 0 . 009 
8 0 . 020 0 . 00? 0 . 014 0 . 014 
12 0 . 023 0 . 01 2 0 . 009 0 . 01 .5  
Figure 3 1 . Corr e l a t ion BetHeen Ins t TTHM and Abs orbance 
( Centr ifuged Sample , Measured with 
Spectronic 20 ) 
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Tabl e  33 . Summary of Treated Water ( Centrifuge d )  
Color Abs orbance 
Applied Ozone C olor Abs orbance , A460 ( cm-1 ) 
Dosage , mg/1 
Detention 'riae , min . Average 
1 0  1 5 20 
0 0 . )84 0 . )84 0 . )85 0 . )84 
4 0 . )75 0 . )78 0 . )78 0 . )77 
8 0 . )15 0 � )79 0 . )76 0 . )77 











c # 20 ; � 
! • 1-4 
1 0  
0 �----�----------�------��� 0 0 . 1 0  0 . 20 O . JO 0 . 40 0 . 50 
Absorbance ( 460 nm } , cm-1 
Figure 32 . Corr e l at ion Between Ins t TTHM and Abs orbanc e 
( Centr ifuged Sample , Measured with 
Spectronic 2000 ) 
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at 460 nm us ing the Spectronic 2000 of centr ifuged s amp l e s  does not 
appear t o  b e  us eful for predi c t ing Ins t TTHM concentrat ions . 
E s t imat ion of Ozonat ion C o s t s  
1 10 
To e s t imate  the cos t of cons truct ion and operat ion o f  an 
ozonat ion sys tem for the Lake Kampeska Filtrat ion P l ant in Watertown , 
South Dakota , c o s t  curve s and procedures ( 65 )  deve l oped by the USEPA 
were ut il ized . Becaus e the cost  curve s were b a s ed on prices  current 
. . as of January , 1 9 7 8 , the itemized prices  were updated us ing Engineer­
ing News Record ( 66 )  and Bureau of Labor s tat i s t ics  ( 6 7 ) ind i c e s  to  
update costs  to May , 1 98 3  ( Tab l e  34 ) . 
The cost s  are d ivided into three categor ie s : con s truct ion c o s t  
of the ozone contact chamber , cons truc tion cost  of ozone generat ion 
system ,  and . operat ion and maintenance cost . Each of the categor ie s  
is  subdiv ided into spe c if i c  items for c o s t  e s t imat ion . The total  
annual c o s t  then is  f igured as the  sum of the  operat ion and maint e ­
nance cos t  p lus t h e  annual repayment o n  the construct ion c o s t  of the 
ozone contact chamber and oz one generat ion sys t em .  
Construct ion C o s t  o f  the Oz one Contact Chamber 
The cons truct ion c o s t  of the contact chamber is based  on a 
flow of 2 mgd , which i s  the maximum capac ity of the Lake Kampe ska 
Filtrat ion P l ant , and a contact chamber detent ion t ime of  10  m inut es .  
The USEPA curve s used for determinat ion of the cons truc t ion c o s t  of 
the ozone contact chamber are based on several a s s ump t ions . I t  was 
assumed that the contact chamber is  a covered , re inforced concrete 
1 1 1 
Tab l e  34 . Cos t updat ing and Appropriate Ind ice s 
Cost Coaponent Cost Index Index Value Correction 
he tor 
Jan. 1978 .. � 198) 
!xca.ation and Si tework DR Wage Index 2)5 JSJ 1 . 50 
ter Skilled Labor 
lanutactured Equipaent � G eneral Purpose 208 . 6  )08.4 1 . 48 
llachinery and. Bquipaen't 
Concret e � Concrete 208 . 6  )14.8 1 . 51 
Incredlent• 
Steel � Steel llill 2)? . ,S  350.0 1 .47 
Products 
Lal:lor DR Wage Index 2JS JSJ 1 . 50 
tor Skilled Lal:lor 
Housing ENR Buildinc Cost 2)? . 88 )47 . 9) 1 .46 
Index 
Maintenance Material• � Producer Price 186.8 284 . )  1 . 52 
Index tor Finished Goods 
s tructure  with a �epth of  1 8  feet and a length-t o-width rat io  of 2 : 1 .  
Par t i t ions are ut i l iz ed w i th in the chamber t o  promote  uniform ozone 
dis tribut ion . D i s solut ion equipment costs  are also  inc luded in the 
cos t  curves . 
The e s t imated  c o s t s  were based on a contact chamber de s ign to 
provide a volume of 1 , 890  cub ic feet , an 18-foot l iquid depth , a 
width of 7 ,  and a 1 5-foot length . The itemized costs  are tabulated in 
Tab l e  3 5 . The t otal  construct ion cost  of the ozone contact chamber 
for the Lake Kampe ska F i l trat ion P l ant is  $ 24 , 385  as  of May , 1 98 3 . 
Cons truc t ion C o s t  of O zone Generat ion System 
The cons truc t i on c o s t  of ozone generat ion system is  b ased  on 
an ozone dosage of 8 mg/ 1 ,  which is s e lected from the experimental 
results . A maximum ozone produc tion of 133  pounds per day is  used 
Tab l e  3 5 . Cons truct ion Cost of Ozone Contact 
Chamber as of May , 1 9 8 3  
Cos t  Category Cos t  of Construction ( $ )  
Jan. 1978 
Excavation and S itework 1 , 01 0  
Concrete 2 , 350 
S teel 4 ,450 
Labor 6 , 400 
Subtotal Cost 14 , 21 0  
Mis cellaneous and Contingency 
( 1 5• or Subtotal ) 
2 , 1 )0 
Total Cost 1 6 , )40 
Not e a  Design water flow rate • 2 MG D  
Jlay, 1 98 )  
1 , 51 5  
J , S48 
6 , .541 
9 , 600 
21 , 204 
) , 181 
24 , J85 
Contact chamber detention time • 10 minutes 
Contact chamber volume • 1 , 890 cubic feet 
for e s t imat ing the generat ion cost  with a maximum flow of 2 mgd . 
1 1 2  
Also , air is  us ed as t h e  feed-gas . The cost  e s t imat ion includes  the 
air-preparat ion equipment , the ozone generator , d i s s o lut ion equipment , 
off-gas recycl ing equipment , electr ical and ins trument at ion c o s t s , 
and all required s afety and monitor ing equipment . Hous ing for all  
ozone- generating equipment is  inc luded . Acc ord ing to the  USEPA cost  
curve for  the ozone generat ion system ,  the c o s t s  of concrete and s te e l  
can be e l iminated f o r  a n  ozone product ion o f  1 3 3  lb / day w i t h  a ir-feed 
generator . 
For a maximum ozone product ion of 133  lb / day , the itemized 
costs  are tabulated in Table  36 . The total cons truc t ion cost of the 
ozone generat ion sys tem is  e s t imated to be $ 4 2 7 , 389 ( May , 1 9 83 ) . 
Table  36 . Cons truct ion Cos t of Ozone Generat ion 
Sys tem as of May , 1983  
Cos t  category Cons truction Cos t  ( $ )  
Jan. 1 9?8 
Manufactured Equipment 1 95 , 000 I 
Concrete ---
S teel ---
Labor 46 . JOO 
Hous ing 9 , )10 
Subtotal Cos t 250 , 61 0 
Mis cellaneous and Contingency 
( 15� of Subtotal ) 
37 , 590 
Total Coa t  288 , 200 
Note s Des ign ozone dosage = 8 mg/1 
Oz one generation at l JJ lb Oy/day 
Operat ion and Maintenance  C o s t s  
Ma y,  1 98 J  
288 , 600 
---
---
69 , 450 
1 J , S9J 
J?1 , 64J 
55 . ?46 
42? , J89 
The cost  of operat ion and maintenance , bas ed on the USEPA 
1 1 3  
cost  curve , inc ludes  the e l ectrical energy demand , maintenance material 
cos t , and labor c o s t s . Labor cost  is  f igured at $ 10 per hour . In 
determining the annual  ener gy cos t ,  a range of $ 0 . 03 to $ 0 . 0 7  per 
kilowat t-hour is  used and it  is  assumed that the actual cost  w i l l  
within t h i s  range . The itemized electr ical energy demand and other 
costs  are tabul ated in Tab l e  3 7 . The e s t imated total annual oper at ion 
and maintenance c o s t s  are $ 26 , 636  and $46 , 9 6 1  at e lectr ical  rates  of 
$ 0 . 03  and $0 . 0 7 per k i l owatt-hour , respect ive ly . 
El ectricity 
Coa t 
( $/kW-hr ) 
o . OJ 
0 . 07 
Tab l e  3 7 . Operat ion and Maintenance Cos t 
as  of May , 1983  
Electrical Ener� 
Demand ( ltW-hr/yr 
Buil ding Process 'l'otal 
8 , 1 )0 500 , 000 508 , 1 30 
8 , 1 )0 soo . ooo 508 , 1 )0 
Note a Labor rate • $10/hr 
Maintenance Material 
Coe t ($/yr) 
Jan. 1978 .. � 1983 
- --- -
3 , 350 5 . 092 
3 , 350 5 , 092 
Labor Coa t 
. - - -
( $/yr ) 
6 , )00 
6 , )00 
'l'otal Cos t  
( $/yr ) 
26 , 6)6 
46 , 961 
'l'otal 0 6 M cos t • ( Electrical energy demand ) (El ectricity rat e )  + 
Maintenance Material coa t + Labor cos t  
Total Annual Cos t s  
1 14 
The total annual cos t s  are calculated as the annual repayment 
on the cons truct ion c o s t  at various interest  rates p lus the annual 
operat ion and mai�tenance c o s t  ( Tab le  38 ) . The e s t imated annual 
operat ion and ma intenance cost  i s  fixed , so  that annual costs  d iffer 
as a result of var ious intere s t  rates  used . Annual inter e s t  rates  
be tween 5 and 20 per cent were selec ted . The cap ital recovery factors 
for various inter e s t  rates  were taken from Princ iples  of Eng ineer ing 
Economy ( 68 ) . The total annual cos t s  ranged from $ 6 2 , 900 ( 8 . 6 ¢ / 1000gal ) 
to $ 1 19 , 400 ( 1 6 . 4 ¢ / 1000gal ) for an ele ctrical rate of $0 . 0 3 / Kw-hr , 
and from $83 , 300 ( 1 1 . 4¢ / 1000gal ) tQ $ 139 , 800 ( l 9 . 2¢ / 1000gal ) for an 
electr ical rate of $ 0 . 07 /Kw-hr . 
I t  s hould be  noted that ozonat ion can e l iminate the add i t ion 
of act ivated carbon for tas te  and odor contro l ,  which is  current ly 
appl ied at the Lake Kampeska Filtrat ion Plant . Ozonat ion might a l s o  









1 0  
1 2  
1 4  
1 6  
2 0  
Tab l e  38 . E s t imated Annual Ozonat ion Cos t s  at 
Var ious Intere s t  Rates 
Capital Annual Repa�ent 'l'otal Annual Coa t as of May ,  1 98 )  
Recovery on 
Fa ctor Cons truc tion Coat • ) . 0¢/kW-hr • 7. 0¢/kW-hr 
( $/yr) 
$/yr ¢/1 , 000 gal $/yr ¢/1 , 000 gal 
0. 08024 J6 , JOO 62 , 900 
0 . 08718 )9 , 400 66 , 000 
0 . 094)9 42 , 600 69 , 200 
0 . 10185 46 , 000 72 , 600 
0 . 1 095.5 49 , 500 76 , 100 
0 . 1 1746 5 ) , 1 00 79 . 700 
0 . 1 ))88 60 , 500 87 , 100 
0. 1 5099 68 , 200 94 , 800 
0 . 1 686? ?6 , 200 1 02 , 800 
0 . 205)6 92 , 800 1 1 9 , 400 
Note a Total c ons truc tion cos t • $451 , 800 
0 & M c os t a  $26 , 600 • J¢/kW-hr 
$47 , 000 . 1¢/kW-hr 
8 . 6  
9 . 0  
9. 5 
9. 9  
1 0 . 4.  
10. 9 
1 1 . 9 
1 ) . 0  
14 . 1  
1 6 . 4.  
8 J , JOO 1 1 . 4  
86 , 400 1 1 . 8  
89, 600 12 . )  
9J , OOO 1 2 . 7 
96 , 500 1 ) . 2  
100 , 100 1 ) . 7  
1 07 , 500 1 4 . 7 
1 1 5 , 200 1 5 . 8  
12) , 200 1 6 . 9  
1 )9 , 800 1 9 . 2  
Total annual c os t  • Annual repayment o n  constra ction cost . + 0 & M c os t  
1 1 5  
1 16 
CONCLUSIONS 
The fol l owing conc lus ions were made in regard to  this re s e arch : 
1 . Ozonat ion of surface water reduced CHC1 3 
THM format ion by 6 3 . 92 
per cent at ozone dosage of 8 mg/ 1 .  
2 .  Ozonat ion of surface water reduced CHBrC1
2 
THM format ion by 
7 1 . 64 per cent at ozone dos age of 12 mg/ 1 .  
3 .  Ozonat ion of s urface water did not affect CHC1Br
2 
THM format ion . 
4 .  Ozonat ion of surface water reduced TTHM format ion by 5 7 . 7 5 per 
cent at ozone dos age of 8 mg/ 1 .  
5 .  With aerat ion only , the reduct ion of TTHM format ion reached 
almost  20 per cent . 
6 .  Reduct ion of TTHM format i on incre ased when the appl ied ozone 
dos age increa s ed , but , remained constant beyond ozone dosage of 
8 mg/ 1 .  
7 .  An ozone dos �ge of 8 mg/ 1  appeared to be mos t  appro�r iate for 
use in de s i gning a treatment system for reduct ion of TTHM 
formation . 
8 .  Moderate ozonat ion of surface water appeared to  reduce the odor 
of the water . At higher ozone dosage , 12 mg/ 1 ,  ozone d id no t 
reduce the odor but the charactet i s t ic of odor changed from 
"unpleasant " to "pleasant " . 
9 .  An ozone dos age of  4 mg / 1  and detent ion t ime of 10  minutes  appear ­
e d  t o  be  appropriate  for treat ing Lake Kampeska water for odor . 
10 . Ozonat ion of surface water increas ed the chlorine demand s l ightly . 
11 . Ozonat ion of surface water did not reduce the TOG of the water . 
12 . Ozonat ion of surface water reduced the COD of the water up to 
20 . 28 per cent at ozone dos age of 12 mg / 1 .  
13 . Ozonat ion de tent ion t ime , within the range of 10  to  20 minutes ,  
did not affect  format ion of tr ihalomethane s ,  reduct ion of odor , 
reduc tion of chlor ine demand , and reduct ion of organics . 
14 . UV ab sorbanc e of unf i l t ered ozonated water was 6 9  perc ent r e l iab le  
as  a surrogate  parameter to  predict the  Ins t TTHM concentrat ion 
with an equa t ion of Y 3 19 . 1 5X - 1 53 . 3 5 .  
1 1 7  
1 5 . Color abs orbance of uncentr ifuged ozonated water was 6 6  p erc ent 
rel iab l e  as a surrogate parameter to predict the Ins t TTHM 
concentrat ion w ith an equat ion of Y = 7 26 . 03X - 1 8 . 38 .  
16 . The e s t imated total annual costs  of ozonat ion ranged from 8 . 6  ¢ 
to 1 9 . 2  ¢ per 1 , 000 gal lons of treated water for the Lake Kampeska 
Filtrat ion P lant for annual interest  rat e s  varying from 5 to  20 
per cent and e l e c tr ical costs ranging from 3 to 7 cents per 
kilowatt-hour . 
118  
LITERATURE CI TED 
1 .  Katz , J . , "Ozone and Chlor ine D ioxide Technology for Dis infect ion 
of Drinking Water " , Pol lut ion Technology Review , n6 7 ,  1 980 , 
p .  6 6 9 . 
2 .  Scheuch , L i s e  E .  and Jame s K .  Edzwald , "Removing Color and 
Chloroform Precur s ors  from Low Turb idity Waters by D irect 
F i l trat ion" , Amer ican Water Works As soc iat ion Journal , 7 3 ,  9 ,  
1 9 8 1 , pp . 4 9 7 -502 . 
3 .  Dor e , M . , e t  al , "React ivity of Hal ogens with Aqueous Micropol lu­
tants : A Mechanism for the Format ion of Trihalomethanes " ,  
American Water Works As s oc iat ion Journal , 7 4 , 2 ,  198 2 ,  pp . 103-
107 . 
4 .  Schre iber , Jud ith S . , "The Occurrence of  Trihalomethanes in 
Pub l ic Water Supply Systems of New York S t ate'' , American Water 
Works As soc iat ion Journal , 7 3 , 3 ,  1 9 8 1 , pp . 1 54-159 . 
5 .  Vos s , Kim ,  e t  al , "Prechlor inat ion Treatment of Water to Reduc e 
Chloroform Leve ls " , Water Research , 14 , 7 ,  1980 , pp . 92 1-926 . 
6 .  Nat ional Int erim Pr imary Dr inking Water Regulat ions , Control of 
Tr ihalomethanes in Drinking Wat er ; Final Rule , Federal Regis ter 
44 : 2 31 , 40  CFR/ par t  141  FRL 1 3 1 2- 2  (Nov . 2 9 , 1 9 7 9 ) . 
7 .  Col thur s t , Jean Mar ie and Phi l ip C .  S inger , "Removing Trihalo­
methane Precur s ors  by Permangana�e Oxidat ion and Manganese 
Dioxide Ads orp t i on" , American Water Works Assoc iat ion Journal ,  
7 4 , 2 ,  1982 , pp . 7 8-83 . 
8 .  Hann , V . A . , "Ozone Treatment of Water " , American Water Works 
As s oc iat ion Journal , 3 5 , 5 ,  1 9 4 3 , pp . 5 8 5 - 5 9 1 . 
9 .  Neb e l , C . , " Ozone Treatment of Potab l e  Water - Part 1 " , Public 
Works , 1 1 2 , 6 ,  1 9 8 1 , pp . 86-90 . 
10 . Rice , R . G . , e t  al , "Us e s  of Ozone in Dr inking l.J'ater Treatment " ,  
American Water Works As soc iat ion Journal , 7 3 ,  1 ,  1981 , pp . 44-57 . 
11 . McCarty , Perry L .  , "Or ganics in Water - An Eng ineering Chal lenge"' , 
ASCE Journal ,  Environment a l  Eng ineering D ivis ion , 106 , 1 ,  1980 , 
pp . 1 - 1 7 . 
12 . Cotruvo , J . A . , " THMs in Drinking Wat er " , Environmental Sc ience 
and Technology ,  1 5 , 3 ,  1 9 8 1 , pp . 268-27 4 . 
1 1 9  
13 . Trus s e l , R . R .  and M . D .  Umphres ,  "The Format ion o f  Tr ihalome thane s " ,  
American Wat er Works As soc iat ion Journal , 70 , 1 1 , 19 7 8 , pp . 604-
6 1 2 . 
14 . Nebe l ,  C . , " Ozone Treatment of Potable Water - Part 2 " , Pub l ic 
Works , 112 , 7 ,  1 9 8 1 , pp . 68- 7 1 . 
15 . Rice , Rip G . , "Use of Ozone To Control Tr ihalomethane s in Dr inking 
Water Treatment " ,  Ozone : Sc ience & Engineer ing , 2 ,  1 ,  1 9 80 , 
pp . 75-99 . 
16 . Graber , D . J . , O z onat ion of A Munic ipal Surface Water Supply To 
Reduce Tr ihalome thane Formation and The Use of Surrogate  
Parameters To Pred ict Tr ihalome thane Concentrat ion , Mas ter of  
Sc ience Thes is , South Dakota State Univers ity , Brooking s , South 
Dakota , 1983 . 
1 7 . O t s on ,  Re in , et al , "Compar ison of Tr ihalomethane Leve l s  and 
Other Water Qual ity Parameters for Three Treatment P l ant s On The 
Ottawa River " , Environmental Sc ience Techno logy , 1 5 , 9 ,  1 9 8 1 , 
pp . 107 5- 1080 . 
18  Anderson , Mark C . , et  al , "Controll ing Tr ihalomethane s with 
Powdered Act ivated Carbons " ,  Amer ican Water Works A s s oc iat ion 
Journal , 7 3 ,  · 8 ,  1 9 8 1 , pp . 4 32-439 . 
19 . Roberts , Paul V .  and R .  Scott Summer s ,  "Performance of Granular 
Act ivated Carbon for Total Organic Carbon Removal " ,  Amer ican 
Water Works As soc iat ion Journal , 7 4 ,  2 ,  1 9 8 2 , pp . 1 13 - 1 1 8 . 
20 . Dobbs , Richard A . , et  al , "The Use of Ultra-Vio let Ab s orbance for 
Monitor ing the Total Organic Carbon Content of Water and Was t e ­
water " , Water Re s e arch Pergamon Press  19 7 2 , vol . 6 ,  pp . 1 1 7 3 -
1 18 0 . Pr inted i n  Great Br itain . 
2 1 . Gong , Benj amin and Jame s K .  Edzwald , "Seasonal Evaluat ion of 
Organic s Removal at a Convent ional Water Treatment P l ant " , , 
1 9 8 1  Annual Conference Proceedings , American Water Works As soc ia-
t ion , pp . 6 5 5- 6 6 6 . 
22 . Randtke , Stephen J .  and Chr i s topher P . , "Effects of S a l t s  on 
Ac t ivated Carbon Ads orpt ion of Fulvic Ac ids " ,  Amer ican Water 
Works As soc iat ion Journal , 74 , 2 ,  1982 , pp . 84-9 3 . 
23 . O ' Donovan , D . C . , "Treatment With Ozone" , Amer ican Water Works 
As sociat ion Journal , 5 7 , 9 ,  196 5 ,  pp . 1 1 6 7 - 1 19 2 . 
24 . McCarthy ,  J . J .  and C . H .  Smith , "A Review of Ozonat ion and I t s  
App l icat ion to Dome s t ic Was tewater Treatment" , Amer ican Water 
Works Assoc iation Journal , 66 , 12 , 1974 , pp . 7 18 - 7 2 5 . 
1 20 
25 . Bailey , Phil ip S . , "Or ganic Group ings Re act ive Toward Ozone 
Mechanisms in Aqueous Media" , Ozone in Water Was t ewater Tre at­
ment , F . L . Evans , editor , Ann Arbor Science Pub l ishers , Inc . , Ann 
Arb or , Michigan , 1 9 7 2 , pp . 29-60 . 
26 . Bol lyky , Jos eph , "O zone Provides Powerful D i s infec t ant for Water" , 
Water Sewage Works , v 1 2 3 , n 10 , 1 9 7 6 , pp . 6 6 - 6 7 . 
2 7 . Diamant , B . Z . , "Recent Deve lopments in The Rol e  of Ozone in Water 
Pur if icat ion and I t s  Imp l icat ions in Develop ing Countr ies " ,  
Ozone : Sc ience and Engineer ing, v 2 ,  n 3 ,  1 980 , pp . 24 1 - 2 50 . 
28 . Ros en ,  Harvey M . , " Ozonat ion - Its  Time Has Come" , Water Was tes  
Engineering , v 1 5 , n 9 ,  1 9 7 8 , pp . 106-1 1 0 . 
29 . Legan , Robert W . , "Alternative Dis infec t ion Methods - A Compar ison 
of UV and Ozone " , Indus trial Water Engineering, v 1 9 , n 2 ,  1 9 8 2 , 
pp . 1 2 - 2 5 . 
30 . Van Hout , L . J . , Ozonat ion of A Municipal Surface Water Supply 
To Reduce Organic s and Chlorine Demand and Enhance Floccual t ion , 
Mas ter of Sc ience The s i s , South Dakota  State Univers ity , 
Brookings , South Dakota , 1 982 . 
3 1 . Symons , James M· . ,  e t  al , "Removing Trihal ome thanes from Drinking 
Water" , Water / Engineering and Management ,  v 1 28 , n 7 ,  1 98 1 , 
pp . 50-64 . 
32 . Symons , J . M . , e t  al , "Nat ional Organics Rec onna is s ance Survey 
for Halogenated Organic s " , Amer ican Water Works As s o c ia t i on 
Journal , 6 7 , 1 1 , 1 9 7 5 , pp . 6 34-647 . 
33 . Schnoor , Jerald L . , et  al , "Trihalomethane Yields As  A Func tion 
of Precur s or Molecular We ight" , Environmental Sc ience and 
Technology, v 1 3 , n 9 ,  1 9 7 9 , pp . 1 134-1 1 3 8 . 
34 . Argue l l o , M . D . , e t  al , "Tr ihalomethanes In Water : A Repor t On 
The Occurrenc e ,  S e a s onal Variat ion In Concentrat ions , And Pre­
cur sors of Trihalome thane s " ,  American Water Works A s s oc ia t ion 
Journal , 7 1 , 9 ,  1 9 7 9 , pp . 504-508 . 
35 . Hoehn , Robert C . , e t  al , "Trihalornethanes And Virus e s  In A Water 
Supply" , ASCE Journal , Environmental Engineer ing Divis ion ,  103  , . 
5 ,  1 9 7 7 , pp . 8 0 3 - 8 14 . 
36 . Stevens , A . A . and J . M .  Symons , "Measurement of Tr ihalomethane 
and Precur s or Concentrat ion Changes " ,  American Water Works 
As soc iat ion Journal , 6 9 , 1 0 , 1 9 7 7 , pp . 546 - 554 . 
1 2 1  
3 7 . Liao , Wenta , et  a l , "Structural Characterizat ion o f  Aquatic  Humic 
Mat er ial " ,  Environmental  Sc ience and Technology,  v 16 , n 7 ,  1 9 8 2 , 
pp . 402-410 . 
38 . Morr i s , J .  Carr e l l  and Barbara Baum ,  "Precur sors and Mechan isms 
of Haloform Format i on in The Chlorination of Water Supp l i e s " ,  
Water Chlor inat ion : Environmental Impact and Hea l th Effect ,  v 2 :  
Proceedings of the Conference on the Environmental  Impact  o f  Water 
Chlor inat ion , 1 9 7 7 , Ann Arbor Science Pub l ishers , Inc . , pp . 2 9-48 . 
39 . O l iver , B . G .  and D . B .  Shindler , "Tr ihal omethanes  from the Chlor in­
at ion of Aquat ic A l gae" , Environmental S c ienc e and Techno logy , 
14 , 12 , 1980 , pp . 1 5 0 2 - 1 505 . 
40 . S tevens , A . A . , e t  al , " Chlor inat ion of Organics in Dr inking Water" , 
American Water Works A s s oc iat ion Journal , 68 , 1 1 , 1 9 7 6 , pp . 6 1 5 -
620 . 
4 1 . Rook , J . J . , "Haloforms in Drink ing Water" , American Water Works 
A s s oc iat ion Journa l , 68 , 3 ,  1 9 7 6 , pp . 1 6 8 - 1 7 2 . 
42 . Quinn , Jame s E .  and Vernon L .  Snoeyink , "Removal of Total  Organic 
Halogen by Granul ar Activated Carbon Ads orber s " , Amer i c an Water 
Works Assoc iat ion Journal , 7 2 , 8 ,  1980 , pp . 483-488 . 
43 . Mal a iyandi , Murugan , e t  al , "Removal of Organics in Water Us ing 
Hydrogen Peroxide in Pre s ence of Ultraviolet  Light " ,  Water 
Re s e arch , 14 , 8 ,  1 980 , pp . 1 1 3 1 - 1 1 35 . 
44 . Kavanaugh , Michae l , e t  al , " Emp irical Kinet ic Mode l of Tr ihalo­
methane Format ion : App l icat ions to  Meet The Prop o s e d  THM Standard" , 
Amer ican Water Works As soc iat ion Journal ,  7 2 , 10 , 1 9 8 0 , pp . 5 7 8-
5 8 2 . 
45 . Kat z , J . , Ed itor , Ozone and Chlor ine Dioxide Technology for 
Dis infect ion of Drinking Water , Noyes Data Corporat ion , Park 
R idge , New Jer s ey , 1980 . 
46 . Monscvitz , J . T . and D . J .  Rexing , "Pilot Study of Chlor ine Dioxide 
Use To Reduce T o t a l  Tr ihalomethane s " , American Water Worl�s 
As s oc iation Journal ,  7 3 , 2 ,  198 1 ,  pp . 94-96 . 
47 . Mil tner , R . J . , The Effect of Chlorine Dioxide on Trhalomethane s 
in Dr inking Water , Mas ter of Sc ience The s is , Univer s ity of 
C inc innat i ,  1 9 7 6 . 
48 . Hann , V . A . , " D i s infect ion of Dr inking Water with O z one " , American 
Water Works As s oc iat ion Journal ,  48 , 10 , 1 9 56 , pp . 1 3 1 6 - 1 3 2 0 . 
1 2 2  
49 . Maj umda , S . B .  and O . J . Sproul , "Technical and Economic Aspec t s  of 
Water and Was t ewater Ozonat ion : A Critical  Review" , Water 
Res earch , 8 ,  5 ,  1 9 7 4 , pp . 253-260 . 
SO . Richard , Yve s , " Import ance of Ozone in Oxidat ion Proce s s es for 
The Treatment of Potab l e  Water Interference with O ther Oxidants " , 
Ozone : Sc ienc e and Engineer ing , 4 ,  2 ,  1 9 8 2 , pp . 5 9 - 7 7 . 
51 . Ros en , H . M . , "Ozonation : A Solut ion to' Potent ial C arc inogens in 
Drinking Water" , Proceedings of The Second International Sympos i­
um on Ozone Techno l o gy , Montreal , Canada , 1 97 5 . 
52 . De l l ah ,  Abde l la t if , "Study of Ozone React ions Invol ved in Water 
Treatment and the Pre s ent Chlor inat ion Controver sy" , Proceed ings 
of The Second Interna t i onal Sympos ium on Ozone Techno l o gy , 
Montreal , C anada , 19 7 5 . 
5 3 . Brunet ,  Reg i s , e t  al , " Influence of The O z onation Dos age On The 
S tructure and B iodegradab i l ity of Pol lutants in Water , and I t s  
Effect  on Act ivated C arbon F i l tration" , O z one : Sc ience and 
Engineer ing , 4 ,  1 ,  1 9 8 2 , pp . 1 5 - 3 2 . 
54 . Laro s e , J . , e t  al , "El iminat ion of Humic Material s " , O z one : 
Sc ience and Engineering , 4 ,  2 ,  1982 , pp . 7 9 -90 . 
5 5 . Gerber , K . H . , "Use  of Ozone for The Treatment of Effluent and 
Dr inking Water" , Brown Boveri Review , 64 , 3 ,  1 97 7 , pp . 1 8 7 - 1 9 1 . 
5 6 . Lee , Michae l C . , e t  a l , "Ac t ivated Carbon Ads orpt ion of  Humic 
Sub stance s " , Amer ican Water Works As soc iat ion Journal ,  7 3 , 8 ,  
1 981 , pp . 440-446 . 
57 . DeBoer , D . E . , Des ign , Construct ion and Performance Evaluat ion 
of an Ozona t ion P ilot P l ant , Mas ter of Sc ience The s is , South 
Dakota State  Univers ity , Brookings , South Dakota , 1 980 . 
58 . Stoebner , R . A . , Ozonat ion of a Municipal Groundwater Supply t o  
Reduce Iron , Manganes e , and Tr ihalome thane Format ion , Mas ter o f  
Sc ience The s is , South Dakota S tate Univers ity ,  Brookings , South 
Dakota , 1 980 . 
59 . Ros en ,  Harvey M . , "Ozone Generat ion and I t s  Re lat ionship t o  The 
Economical App l icat ion of Ozone in Wast ewater Tre atment" ,  Ozone 
in Water and Wastewater Treatment , Francis  L . Evans I I I , editor , 
Ann Arbor Sc ience Pub l ishers Inc . , Ann Arbor , Michigan , · 1 9 7 2 ,  
pp . 1 0 1 - 1 2 2 . 
60 . Nus z ,  D . E . , Ozonat ion of A Municipal Surface Water Supply To 
Reduce Odor and Enhanc e Flocculat ion , Mas ter of Sc ienc e The s i s , 
South Dakot a  State Univers i ty ,  Brookings , South Dakota , 1 9 8 2 . 
123  
6 1 . Standard Methods for the Examinat ion of Water and Was t ewater , 
14th Edit ion , American Pub l ic Health As s oc iat ion , I ns . , New York , 
New York , 1 9 7 5 . 
6 2 . The Analys i s  o f  Trihalomethane s i n  Dr inking Water by L iqu id / L iquid 
Extract ion , Me thod 5 0 1 . 2 , Environmental Monitor ing and Support 
Laboratory , United  S tates Environmental Protect ion Agency , 
C inc innat i �  Ohio , May 1 5 , 1 9 7 9 . 
63 . Takahashi , Y . , "Ultra-Violet Lo1;.;-Leve l TOC Analys is of  Potab le 
Water" , Proceedings , AWWA Water Qual ity Technical Conference , 
1 9 7 6 . 
64 . Stee l , Rober t  G . D .  and James H .  Torrie , Pr inc iples  and Procedur e s  
o f  Stat is t ics , Second Edit ion , McGra-v1-Hi l l  Book Company , N e w  York , 
New York , 1 9 80 . 
6 5 . Gumernan , Robert C . , Rus s e l l  L .  Culp , and S igurd P .  Hans en , 
E s t imat ing C o s t  for Water Treatment as a Funct ion of S ize and 
Treatment P l ant Effic iency , Municipal Environmental Res e arch 
Laboratory , Off ice  of Re s earch and Deve lopment , U . S .  Environmental 
Protect ion Agency , C inc innat i ,  Ohio , EPA-600 / 2 - 7 8 - 1 8 2 . 
66 . "ENR Market Trends " ,  Engineer ing-News Record , 210 , 2 1 , 1 9 8 3 , 
p .  1 8 1 . 
6 7 . Producer Prices  and Pr ice  Indexes ,  Data for May 1 9 8 3 , U . S .  
Dep artment of  Labor , Bureau of Labor Stat i s t ic s , Washington , D . C . , 
Jul y ,  1 9 8 3 . 
6 8 . Grant , E . L . , W . G .  Ires on ,  and R . S .  Leavenworth , Pr inc ipl e s  of 
Engineering Economy ,  6 th Edit ion , John �-Iiley and Sons , NeH York , 
New York , 1 9 7 6 . 
1 24 
APPENDIX A 
Exper imental Calculat ions 
Exper imental Calculat ions 
A .  Ozonized Gas F l ow Rate 
Q = ( Q ) ( C ) ( C ) g c p t 
wher e : Qg 
= corr e cted ozonized gas flow rate ( cfm) 
Qc 
= contro l l ed ozonized gas flow rate ( cfm) 
C = pres s ure correct ion factor 
p 
1: 




= adj us ted pres sure 
= gauge backpr e s sure + barome tric pre s sure 
P
2 
= cons t ant 
= 14 . 7  p s ia 
c
t 












= ozonized air temperature (
0R )  
r
2 
= s tandard gauge temperature 




= standard temperature 
= 536 . 6  
°R 
B .  Ozone Concentrat ion In Supply Gas Or Offgas 
where : C = ozone concentrat ion ( mg 03
/ l iter of gas ) 
Wt o
3 
= we i ght of ozone ( mg )  
= ( N ) (ml t itrant ) ( 24 )  
where : N = normal ity o f  s od ium thiosulfate t i trant 
v
2 
= correc ted volume of gas coll ected ( l iter ) 
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where : vl = gas collected , measured by the wet - t e s t  meter 
( l iter ) 
temperature correct ion factor 
where : T
1 
0 = meter temperature ( R )  
T
2 
= s tandard temperature 
= 536 . 6  °R 
C = pre s sure correction factor 
p 
where : P 1 
= adj usted pre s s ure ( in .  H
20 )  
where : p
b 
= barometric pres sure 
p = meter manometer defl e c t ion 
m 
p = water vapor pre s sure 
v 
P2 
= s t andard pre s s ure 
C .  App l ied Ozone Dosage 
where : D app l ied ozone dos age (mg 03 / l iter H2
0 )  
c = ozone concentrat ion ( mg 03 / l iter of gas ) 
Q
g 
= corr e cted ozonized gas flow rate ( cfm) 
Q
l 
= water f l ow rate ( cfm) 
D .  Contact ing Eff ic iency 
where : E = contact ing effic iency 
0 = ozone produc t ion in supp l ied gas ( lb )  p 
0
1 
= ozone l o s s  in offgas ( lb )  
E .  Volume O f  S tock Solut ion Required 
V = ( Cl ) (V ) / C 
s a c s 
where : V = volume of s t ock solut ion required (ml ) 
s 
Cl  = app l ied chlorine dosage 
a 
= 10  mg/ 1  
V = s amp le volume ( l iter ) 
c 
C = chlor ine concentrat ion of stock solution (mg /ml ) 
s 
· · F .  Thre shold Odor Number 
where : TON = thre s hold odor number 
T = ind ividual threshold 
G .  Chemical Oxygen Demand 
COD = (A - B ) ( N
F
) ( 8 , 000 ) /VCOD 
where : COD = chemical oxygen demand (mg/ 1 )  
A = vol ume o f  t itrant used �or b l ank (ml ) 
B = vol ume of t itrant used for samp l e  (ml ) 
V
COD 
= volume of s amp le ( ml ) 
N
F 
= normal ity of  ferrous ammonium s ulfate t i trant 
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APPENDIX B 
Standard F Value 
1 30 
Tab le  B-1 . Value s of F 
Daomi- Probability Numerator if 
aator of a laracr 
I I I I I I I I if F I 2 s .. 5 6 7 8 9 
I . 1 00  39.86 49.50 53.59 55.83 57.24 S8.20 58.91 59.44 59.86 
.050 1 6 1 .4 199.5 2 1 5.7 224.6 230.2 234.0 236.8 238.9 240.5 
.025 647.8 799.5 864.2 899.6 92 1 .8 937. 1 948.2 956.7 963.3 
.01 0  4052 4999.5 5403 5625 5764 S859 5928 5982 6022 
.005 1 62 1 1  20000 2 1 61 5  22500 23056 23437 237 1 5  23925 24091 
2 . 1 00  8.53 9.00 9. 16 9.24 9.29 9.33 9.35 9.37 9.38 
.050 1 8.51 19.00 1 9. 16 1 9.25 19.30 19.3l 19.35 1 9.37 19.38 
.025 38.51 39.00 39. 1 7  39.25 39.30 39.33 39.36 39.37 39.39 
.QJ O 98.50 99.00 99. 17 99.25 99.30 99.33 99.36 99.37 99.39 
.005 ] 98.5 199.0 1 99.2 1 99.2 1 99.3 199.3 ] 99.4 1 99.4 199.4 
s .100 5.54 5.46 5.39 5.54 5.3 1 5.28 5.27 5.25 5.24 
.050 1 0. 1 3  9.55 9.28 9. 1 2  9.01 8.9-4 8.89 8.85 8.81 
.025 1 7.44 16.04 1 5.44 1 5. 10 14.88 1 4.73 1 4.62 14.54 1 4.47 
.01 0  34. 1 2  30.82 29.46 28.71 28.24 27. 9 1  27.67 27.49 27.35 
.005 55.55 49.80 47.47 46. 1 9  45.39 44.84 44.43 44. 1 3  43.88 
.. . 100 4.54 4.32 4. 1 9  4.1 1 4.05 4.01 3.98 3.95 3.94 
.050 7.7 1 6.94 6.59 6.39 6.26 6. 16 6.09 6.04 6.00 
.
• 025 1 2.22 10.65 9.98 9.60 9.36 9.20 9.07 8.98 8.90 
.01 0  2 1 .20 18.00 16.69 1 5.98 1 5.52 1 5.21  1 4.98 14.80 1 4.66 
.005 31 .33 26.28 24.26 23.15 22.46 2 1 .97 2 1 .62 2 1 .35 2 1 . 14 
5 . 1 00  4.06 3.78 3.62 S.52 3.45 3.40 S.37 S.34 3.32 
.050 6.61 5.79 5.41 5. 1 9  5.05 4.95 4.88 4.82 4.77 
.025 10.0 1 8.43 7.76 7.39 7. 1 5  6.98 6.85 6.76 6.68 
.010 16.26 1 3.27 1 2.06 1 1.'39 10.97 10.67 10.46 10.29 10. 1 6  
.005 22.78 18.l1 16.53 15.56 14.94 14.5 1 1 4.20 1 3.96 1 3.77 
6 . 1 00  3.78 3.46 3.29 3. 1 8  3. 1 1  3.05 3.01 2.98 2.96 
.050 5.99 5. 14 4.76 4.53 4.39 4.28 4.2 1 4. 15 4. 10 
.025 8.81 7.26 6.60 6.23 5.99 5.82 5.70 5.60 5.52 
.010 1 3.i5 10.92 9.78 9. 15 8.75 8.47 8.26 8. 10 7.98 
.005 18.63 14.54 1 2.92 1 2.03 1 1 .46 1 1 .07 10.79 1 0.57 1 0.39 
7 . 1 00  3.59 3.26 3.07 2.96 2.88 2.83 2.78 2.75 2.72 
.050 5.59 4.74 4.55 4. 1 2  3 .• 97 3.87 3.79 3.73 3.68 
.025 8.07 6.54 5.89 5.52 5.29 5. 1 2  4.99 4.90 4.82 
.010 1 2.25 9.55 8.45 7.85 7.46 7. 19 6.99 6.84 6.72 
. • 005 16.24 12.40 10.88 10.05 9.52 9. 1 6  8.89 8.68 1.51 
I . 1 00  3.46 3. 1 1  2.92 2.8 1 2.73 2.67 2.62 2.59 2.56 
.050 5.32 4.46 4.07 3.84 3.69 3.S8 3.50 3.44 3.39 
.025 7.57 6.06 5.42 5.05 4.82 4.65 4.53 4.43 4.36 
.01 0  1 1 .26 8.65 7.59 7.01 6.63 6.37 6. 1 8  6.03 5.91 
.005 14.69 1 1 .0t 9.60 8.81 8.30 7.95 7.69 7.50 7.54 
9 .100 3.36 3.0!, 2.81 2.69 2.61 2.55 2.51 2.47 2.44 .050 5. 1 2  4.26 3.86 3.63 3.48 3.37 3.29 3.23 3. 1 8  
.025 7.2 1 5.7 1 5.08 4.72 4.48 4.32 4.20 4 . 1 0  4.03 
.010 10.56 8.02 6.99 6.42 6.06 5.80 5.6 1 5.47 5.35 
.005 1 3.61 1 0. 1 1  8.72 7.96 7.47 7. 1 3  6.88 6.69 6.54 
1 0 . 100 3.29 2.92 2.73 2.61 2.52 2.46 2.41 2.38 2.35 
.050 4.96 4.10 3.7 1 3.48 3.33 3.22 3. 1 4  3.07 3.02 
.025 6.94 5.46 4.83 4.47 4.24 4.07 3.95 3.85 3.78 
.010 10.04 7.56 6.55 5.99 5.64 5.39 5.20 5.06 4.94 
.005 12.83 9.43 8.08 7.34 6.87 6.S4 6.30 6. 1 2  5.97 
I I  . 1 00  3.23 2.86 2.66 2.54 2.45 2.39 2.34 2.30 2.27 
.050 . 4.8f · 3.98 3.59 3.36 3.20 3 .09 3.01 2.95 2.90 
.025 6.72 5.26 4.63 4.28 4.04 3.88 3.76 3.66 3.59 
.010 -9.65 7.21 6.22 5.67 5.32 5.07 4.89 4.74 4.63 
.005 1 2.23 8.91 7.60 6.88 6.42 6. 1 0  5.86 5.68 5.54 
12 . 100 3. 1 8  2.81 2.61 2.48 2.39 2.33 2.28 2.24 2.2 1 
.050 4.75 3.89 3.49 3.26 3. 1 1  3.00 2.91 2.85 2.80 
.025 6.55 5.10 4.47 4. 1 2  3.89 3.73 3.61 3.51 3.44 
.0 10 9.33 6.93 5.95 5.41 5.06 4.82 4.64 4.50 4.39 
.005 1 1 .75 8.51 7.23 6.52 6.07 5.76 5.52 5.35 5.20 
1 3  . 100 3. 1 4  2.76 2.56 2.43 2.35 2.28 2.23 2.20 2.16 
.050 4.67 3.81 3.41 3. 1 8  3.03 2.92 2.83 2.77 2.7 1 
.025 6.41 4.97 4.35 " 4.00 3.77 3.60 3.48 3.39 3.31 
.010 9.07 6.70 5.74 5.2 1 4.86 4.62 4.44 4.30 4. 19 
.005 1 1 .37 8. 1 9  6.93 6.23 5.79 5.48 5.25 5.08 4.94 
I f  . 100 . 3. 10 2.73 2.52 2.39 2.3 1 2.24 2. 1 9  2. 1 5  2. 1 2  
.050 4.60 3.74 3.34 3.1 1 2.96 2.8S 2.76 2.70 2.65 
.025 6.30 4.86 4.24 3.89 3.66 3.50 3.38 3.29 3.2 1 
.010 8.86 6.5 1  5.56 5.04 4.69 4.� 4.21J 4. 1 4  4.03 
.005 1 1.06 7.92 6.68 6.00 5.56 5.26 5.03 4.86 4.72 
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APPENDIX C 
Exper imental Data 
Tab l e  C-1 . Prel iminary Resul t s : Ins tantaneous 
Total Tr ihalomethane Dat a ,  �g / 1  
. DETENTION TIME , min • 
5 1 0  1 5  2 0  
1 06 . 2.3 1 06 . 2.3 1 06 . 2.3 1 06 . 2.3 
0 9.3. 29 97 . 1 7 9.3 • .30 80 . 61 
1 2 . 2" 8 . 5" 12 . 2" 24 . 1 % 
75 . 69 75 . 69 80 . 9.3 8 0 . 9.3 
2 .  49 . 66 49 . 9.3 60 . 01 40 . 1 8 
)4 . 4" )4. 0% 25 . 8" 50 . 4� 
94 . 06 75. 69 80 . 9.3 80 . 9.3 
4 33. 51 JJ. 61 )4 . 71 .37 . 80 
� - 64. 4" 55 . 6% 57 . 1� 5.3 · 3" 96 . 88 94. 06 80 . 9.3 75. 69 
� 8 33 . 89 2 6 . 42 1 9 . 8 3 2 7 . 51 < § 6S . �  71 . �  75 · 5" 63 . 6" 
� 
[X· 
94 . 06 94. 06 75 . 69 z; 
0 
� 25 . 63 26. 14 27 . 06 0 12 
Q 
1&1 72 . 8" 72 . 2� 64 . 2% ..... 
� 
[)\ 
96 . 88 94 . 06 94 . 06 P-4 
< 
1 6 . 22 . 21 30 . 29 1 8 . 1 8  
77 . 1% 67 . 8" 8 0 . 7% 
[>( [>( 
96 . 88 96 . 88 '  
24 22 . 92 1 9. 35 
76 . ,3% 80 . 0% 
A 
[>( [>( 
96 . 88 
JO B 18 . 1 5 
c 81 . 3% 
A • Ins t TTHM of Raw Water. 
B • Inst TTHM of Ozonated Water . 
C • Per Cent Reduction. 
1 3 2  
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Tab l e  C-2 . Contact ing Eff iciency , % 
! 
I 
I DETE�T I ON TII�1E , min . 
S ampl e 
I 
Avera g e  
10 1 5  20 
1 
2 
0 3 I 4 I I 
Avera g e  
: I 
' ' ' i 
r-t 
1 
i I 96 . 09 95 . 41 � I 9'7 . 59 2 ! 95 . 88 96 . 79 95 . J4 E l 
4 J 
I 96 . 1 3 94 . 64 95 . 56 .. I � 4 95 . 08 9 3 . 65 94 . 96 CJ I 
< I --
til Average l 96 . 1 7 95 . 29 95 . 32 95 . 5 9 0 i 0 
1 
i 
90 . 53 8 6 . 59 91 . 1 6 � I 
z . 2 94 . 08 93 - 33 93 41 0 
N 8 3 91 . 04 90 . 1 4 88 . 40 0 I 4 87 . 62 8 5 . 57 90 . 1 7  
0 
� 
90 . 8 2 88 . 91 H Average 90 . 79 90 . 1 7 H � 
� 1 8 9 . 4 1 83 . 01 7 7 . 78 < 
2 8 0 . 90 90 . 6 1 9 1 . 54 
1 2  3 87 . 49 85 . 60 84 . 98 4 I 83 . 02 86 . 58 82 . 2 7 
Average 
I 
8 5 . 2 1 8 6 . 45 84 . 1 4 8 5 . 2 7 






Table C-3 . Data of Raw Water Physical Characteristics  
Date T emperature pH Turbidity 
o c  
·-- --
Aug . 1 ) ,  1 98 2  2 1 . 4  
Aug . 1 6 ,  1 982 25 . 5  
------··· ---------- --�-------
Aug . 1 7 , 1 98 2  25 . 4  
·- - · · - -··· 
8 .  31 
8 . 2 8 
··-- - ------- -- - - - - - - -
8 . oo 
NTU 
1 1 . 5  
1 1 . 0  
9 . 0  



















Aug . 20 , 1 982 
- ·- -- - - - -- - - -
Aug . 2 3 , 1 982 
f--·-- ----··-- --·· . --- - - -·· - -· · · ·  
Aug . 29 , 1 982 
S ep .  
- -- - -
6 ,  1 98 2  
S ep .  1 2 , 1 982 
S ep .  1 8 , 1 982 
-- -- ---
25 . 5  
--- -- -
25 . 9  
------ - - .. . .. �- - - --- . .. · -
20 . 5  
· ·- ·- -· -
1 9 . 5  
1 8 . 0  
1 5 . 3 
. ------ - - -- --
2 1 . 9  
8 . 2 7 
7 . 91 
-- -
8 . 09 
. 8 . 1 9 
. --··· · · ·- ·--
8 . 74 
8 . 74 
-----
8 . 2 1  
1 1 . 5  I 
� 
1 5 . 0  
1 7 . 5  
-- -� 
1 5 . 0  
- --· ·- -- - -
1 8 . 0  
I 
I 
1 6 . 0  












i I ; i 
....... I "bo 
e 
.. 4 
� I t-' < I I U) I 0 ; Cl i ; 
� � 
0 






< 1 1 2  
I I 
I i 
Tab l e  C-4 . 
0 
Samp le Temperature , C 
DETENTION TIME , min .  
Sampl e 
10 1 5  20 
1 2 5 . 1  24 . 5  24 . 5  
2 24 . 0  24 . 0  2 ) . 5  
J 2 1 . 0  2 0 . 4  I 2 1 . 0  4 1 6 . 0  1 6 . 1  1 6 . 9  
Average 2 1 . 5  2 1 . ) I 2 1 . 5  
1 2 6 . 7 2 6 . 2  2 5 . 5  
2 25 . 4  2 5 . 0  24 . 5  
J 22 . 0  2 1 . 9  2 1 . )  
4 1 9 . 1 1 7 . 0  1 e . o  
Average 2 ) . 3  2 2 . 5  22 . 3  
1 2 1 . 9  2 6 . 0 2 6 . 2  
. 2 2 6 . 1 25 . 9  2 5 . 5  
J 2 1 . 0  22 . 0  22 . 1  
4 1 8 . 9  1 7 . 3 20 . 1  
Average 2 2 . 0  22 . 8  2 ) . 5 
1 2 5 . 9  22 . 0  26 . 9  
2 2 3 . 5 26 . 5  2 5 . 0  
3 22 . 0  20 . 9  2 1 . 7  
4 j 1 6 . 7  1 9 . 0 1 7 . 5 
Average 
i 
22 . 0  2 2 . 2  22 . 5  
Average 22 . 2  22 . 2 22 . 5  
1 3 5  
Average 
2 1 . 4  









2 2 . 2  I 
1 3 6  
Tab l e  C-5 . Samp le pH 
DETEN1'ION ·�IME , •in . 
S&mple Average 
1 0  1 5  20 
1 8 . 02 8 . 1 0 8 . 1 1 
2 ? . 80 7 . 7 3 7 . ?0 
0 J 8 . 27 
8 . 28 8 . )1 
4 8 . 74 8 . 76 8 . 80 
-- -- --
Average 8 . 09 8 . 08 8 . 07 8 . 08 
r-t 
8 . 1 1 8 . 09 8 . 1 8 � 1 
• 2 8 . 08 8 . 08 8 . 1 0  
. 4 J 8 . 02 8 . 1 7  8 . 1 2  Czl 4 8 . 6) 8 . 69 8 . 7J t!J 
< -- -- --
ell Average 8 . 1 6 8 . 20 8 . 22 8 . 1 9 8 
� 1 8 . 09 8 . 1 )  8 . 09 
z · 2 8 . 0? 8 . 1 6 8 . os 0 N J 7 . 91 s . oo 7 . 95 0 8 4 8 . 60 8 . 65 8 . 62 
0 -- -- --rzl H Average 8 . 1 0 8 . 18 8 . 1 2 B . l J � P-4 
P-4 1 8 . 02 _ 8 . 1 J 8 . os < 
2 7 . 8 1 8 . 1 0 8 . 0) 
12 J 
7 . 86 7 . 89 8 . oo 
4 8 . 5J 8 . 56 8 . ?1 
-- -- --
Average ? . 98 8 . 1 1 8 . 12 8 . 0? 
Average 8 . 08 8 . 14 8 . 1 J 
1 3 7  
Tabl e  C-6 . Turb idity , NTU 
! I I DETENT I ON TIME , min . 
Sampl e i Average 
i 
10 15 20 
1 8 . 50 9 . 00 8 . 00 
2 1 5 . 00 1 5 . 00 1 4 . 00 
0 3 1 3 . 00 1 5 . 00 14 . 00 
4 1 6 . 00 1 6 . 00 1 6 . 00 
I 
Average 1 3 . 1 3  1 3 . 75 1 3 . 00 1 J . 29 
� 1 1 2 . 00 9 . 00 7 . 50 
e 2 1 2 . 50 14 . 00 1 2 . 00 
4 3 1 0 . 5 0 1 4 . 00 1 2 . 50 
. 4 1 7 . 00 1 7 . 00 1 7 . 5 0 � (!) 
< Average 1 3 . 00 1 ) . 5 0 1 2 . 38 1 2 . 96 ttl 0 
0 
� 1 1 0 . 00 1 2 . 00 9 . 00 
z 2 9 . 00 1 0 . 00 1 1 . 50 
0 3 1 2 . 00 1 0 . 75 1 0 . 50 N 8 0 4 1 5 . 50 1 7 . 00 1 6 . 00 
0 
� Average 1 1 . 63 1 2 . 44 1 1 . 75 1 1 . 94 H 
H P-4 1 9 . 95 1 0 . 00 8 . 00 P-4 
< 2 8 . 00 9 . 00 1 2 . 50 
1 2  3 1 1 . 00 1 1 . 50 1 1 . 50 
4 1 5 . 00 1 5 . 5 0 1 6 . 50 
Average 1 0 . 99 1 1 . 50 1 2 . 1 3  1 1 . 54 













Table C-7 . Instantaneous THMs of Untreated Water , �g / 1  
CHCl J CHBrC1 2 CHC1Br2 CHBr 3 
6 . 01 4 . 4) ? . 21 - -
1 6 . 00 1 5 . 60 1 . 98 2 . 88 
2 ) . 90 1 0 . 90 1 . 42 - -
49 . 90 48 . 1 0 21 . 20 - -
1 ) . 80 1 4 . 40 1 . 59 - -
1 8 . 80 , 22 . )0 2 . 62 - -
1 6 . 40 20 . 80 2 . 68 - -
1 ) . 00 2 ) . 40 14 . )0 - -
1 ) . 80 1 9 . 70 2 . 4? - -
1 9 . 07 1 9 . 96 � . 1 6 0 . )2 
TTHM 
1 ? . 65 
)6 . 46 
)6 . 22 
1 1 9 . 20 
29 . ?9 
4) . 72 
I 
)9 . 88 
50 . 70 
35 - 97 





















Tabl e  C-8 . Inst antaneous CHC1
3 
THM , pg / 1  
DETENTION TIME , min .  
Sampl e 
1 0  1 5 20 
1 5 . 21 16·• 1(!) . 1 ) . 80 
2 )2 . 50 1 ) . 90 12 . 60 
J 1 ? . 50 1 ) . )0 1 ) . ?0 
4 1 9 . 80 1 9 . 10 16 . ?0 
Average 1 8 . ?5 15 . 60 14. 20 
1 4 . 1 ? 1 . ?? 15 . ?0 
2 2) . 10  24 . 90 5 - 25 
J 4 . 28 6 . 1 6  4 . 59 
4 15 . 40 6 . 41 8 . 12 
Average 1 1 . 74 9 . 8 1  8 . 42 
1 7 . 6) 2 . 20 4 . 2J 
2 9 . 89 7 . 1 1  6 . 21 
J ) . 51 1 0 . 50 4 . 0J 
4 1 8 . 1 0 ) . 22 5 . 90 
--
Average 9. ?8 5 . ?6 s . o9 
1 1 . 55 -7 - 90 ) . 17 
2 21 . 10 16 . 00 6 . 6J 
J 8 . oo 10 . 80 18 . 60 
4 2 . JJ 1 8 . 80 5 . 96 
Average 8 . 25 1 ) . )8 8 . 59 
Average 1 2 . 1 3  1 1 . 14 9 . 08 
1 39 
Ave rage 
1 6 . 1 8  
9 . 99 
6 . 88 





















Tab l e  C -9 . Ins tantaneous CHBrC 1 2  THM , �g / 1  
DETENTION TI Iv£ , m i n .  
Sampl e 
10 1 5  20 
1 ·  7 . 94 1 2 . 20 29 . 60 
2 1 8 . 60 1 4 . 30 7 . 05 
3 22 . 60 2 1 . 00 20 . 60 
4 1 2 . 00 1 6 . 40 1 9 . 7 0  
Average 1 5 . 2 9 1 5 . 98 1 9 . 24 
1 1 . 56  4 . 2 5 1 8 . 60 
2 1 4 . 90 28 . 30 7 . 61 
J 5 . 44 7 . 64 6 . 6 3 
4 8 . 38 9 . 06 6 . 88 
Average 7 . 5 7 1 2 . J1 9 . 93 
-
1 J . 03 4 . 94 6 . 8 3  
2 4 . 47 8 . 25 4 . 8 3  
3 4 . 58 5 . 40 5 . 94 
4 7 . 63 2 . 5 0 9 . 88 
-- -- --
Average 4 . 93 5 . 27 6 . 8 7 
1 3 . 02 " _ 2 . 9 2 6 . 1 9  
2 8 . 5 6 2 . 60 1 . 99 
3 7 . J2 2 . 51 3 . 2 4 
4 2 . 41 1 9 . 90 7 . 22 
-- --
Average 5 - 3 3 6 . 98 4 . 6 6 
Average 8 . 28 1 0 . 14 1 0 . 1 8  
1 40 
Average 
1 6 . 84 
9 . 94 
5 . 69 

















H p.. p.. 
< 
12  
Table  C - 1 0 . Ins t antaneous CHC1Br
2 
THM , pg / 1  
DETENTION TIME , min . 
Sampl e 
1 0  1 5  20 
1 2 . 8 1 1 3 . 70 6 . 1 )  
2 1 . 1 3 3 . 33 2 . 5 3 
3 2 . 7 7  2 . 54 3 . 32 
4 2 . 90 2 . 5 3  2 . 7 6 
-- --
Average 2 . 40 5 . 53 3 . 69 
1 1 . 31 3 . 60 1 3 . 1 0 
2 1 0 . 5 0 2 . 94 3 . 64 
3 5 . 70 8 . 86 4 . 46 
4 1 9 . 30 7 . 25 8 . 89 
--
Average 9 . 20 5 . 66 7 . 52 
1 2 . 1 4 2 . 21 6 . 00 
2 1 3 . 8 0 2 . 50 3 . 09 
3 4 . 47 4 . 5 8 4 . 8 3 
4 24 . 90 2 . 2 3 9 . 1 6  
-- --
Average 1 1 . 33 2 . 88 5 . 77 
1 0 . 76 - 1 . 84 2 . 75 
2 2 . 26 1 . 58 1 . 46 
3 2 . 43 8 . 86 1 . 91 
4 1 . 77 1 7 . 40 3 . 06 
-- --
Average 1 . 81 7 . 42 2 . )0 
Average 6 . 1 8 5 . J7 4 . 82 
141  
Average 
3 . 8 7 
7 . 46 
6 . 65 























Tab l e  C - 1 1 . Ins tantaneous Total THM , �g / 1  
DETENTION Tir�:E , min . 
Sa11ple 
10 1 5  2 0  
1 1 5 . 96 42 . 00 49 . 5 3 ; 
! 2 5 2 . 2 3 31 . 5 3 22 . 1 8 i 
I 
J 42 . 8 7 36 . 54 37 . 62 4 34 . 70 )8 . 03 39 . 1 6  
Average 36 . 44 37 . 1 0  37 . 1 2 
1 7 . 04 9 . 62 47 . 40 I 
2 48 . 50 56 . 1 4 1 6 . 5 0 ! 
}.. 1 5 . 42 22 . 66' 1 5 . 68 ; I 4 43 . 08 2 2 . 7 0 23 . 8 9 Average 28 . 51 2 7 . 78 25 . 8 7 
1 1 2 . 8 0 9 . 35 1 7 . 06 
2 2 8 . 1 6 1 7 . 86 14 . 1 3  
3 1 2 . 56 20 . 48 1 4 . 8 0  
4 5 0 . 6 3  7 . 95 24 . 94 
Average 2 6 . 04 1 3 . 91 1 7 . 7 3 
1 5 · 33 1 2 . 66 1 2 . 1 1 
2 31 . 92 20 . 1 8 1 0 . 08 
3 1 7 . 75 22 . 1 7 2 3 . 7 5  
4 6 . 5 1  56 . 1 0 1 6 . 24 
Average 1 5 . 38 2 7 . 78 1 5 . 5 5 
Averag e 26 . 59 26 . 64 24 . 0 7 
142  
Average 
}6 . 8 9 
I 2 7 . 39 I 
1 9 . 2 3  








G e ometric 
Mean 
Table C-12 . Data of Thre shold Odor Tes t 
- · · 
T . O . N .  
0 mg/1** 4 mg/1** 8 mg/1** 
Raw 
1 0* 1 5* 20* 10* 15* 20* 1 0* 1 5* 20* 
1 7  50 50 1 7  8 8 1 7  4 24 24 
1 7  24 1 ? 1 7  8 8 1 2  5 . 7  12 6 
-·1---
1 7  24 1 ? 12 6 12 1 7  1 2  1 2  6 
8 24 24 1 2  8 8 8 s . 7  8 8 
12  1 7  1 7  1 2  8 8 1 2  24 8 1 2  
4 4 
1 ) . 6 25 . 9 22 . 6  1 ) . 8  7 . 6  7 . 6  1 2 . 7  7 . )  1 1 . 7 9 . 6 
* O z ona t i on det ent i on t ime in minute 
** Appl i e d  ozona dosage 
12 mg/1** 
1 0* 1 5* 20* 
1 2  )5 24 
1 7  s . 7  35 
1 7  1 2  35 
1 7  24 24 
1 2  24 1 7  






















Tab le  C - 1 5 . Total Organic Carbon , mg/ 1 
DETENTION TIME ,  min. 
Sample 
1 0  15 20 
1 ? . 76 8 . 29 8 . 1 8 
2 6 . 71 6 . ?7  7 . 1 4 
-- -- --
Average ? . 24 ? . 53 7 . 66 
1 6 . 89 6 . 55 6 . 40 
2 8 . 87 7 . 99 6 . 98 
-- -- --
Average 7 . 88 7 . 27 6 . 69 
1 8 . 1 7 6 . 85 8 . 21 
2 8 . 51 12 . 28 8 . 26 
-- --
Average 8 . )4 9 . 57 8 . 24 
1 6 . 50 7 . 72 6 . 1 3 
2 8 � 45 7 . 02 7 . 40 
-- -- --
Average 7 .48 7 . 37 6 . 77 
Average 7 . 7)  ? . 9) 7 . )4 
146  
Average 
? . 48 
7 . 28 
8 . 71 



















1 2  
Tab l e  C - 1 6 . Chemical  Oxygen Demand , mg / 1  
DETEN TI ON TIIv'IE • min . 
Sampl e 
1 0  15 20 
1 1 7 . 7 9 1 7 . 1 4 1 5 . 8 3 
2 20 . 07 1 9 . 91 1 9 . 09 
3 1 9 . 09 1 9 . 09 1 6 . 6.5 
4 1 9 . 07 1 9 . 39 1 7 . 95 
Average 1 9 . 01 1 s . e s 1 7 . 38 
1 1 6 . 48 1 5 . 67 1 6 . 32 
2 1 5 . 99 1 7 . 63 1 8 . 60 
3 1 5 . 8 3 1 7 . 30 1 7 . 30 
4 1 7 . 4.5 1 8 . 1 2 1 7 . 95 
Average 1 6 . 44 1 7 . 1 8  1 7 . 54 
1 1 4 . 2 0 1 6 . 65 1 4 . 52 
2 1 5 . 1 8 I 1 4 . 04 1 7 . 63 
3 1 5 . 1 8 i 1 5 . 34 1 4 . 69 
4 1 5 . 68 I 1 7 . 1 3  1 4 . 71 I 
Average 1 5 . 06 1 5 . 79 1 5 . 39 
1 1 0 . 1 2 1 5 . 5 0 1 7 . 79  
2 1 5 . 1 8  1 5 . 0 1 1 9 . 91 
3 1 4 . 04 12 . 73 1 5 . 50 
4 1 5 . 03 14 . 7 1 1 4 . 6 9 
I 
Average 1 3 . 5 9 
I 
I 1 4 . 49 1 6 . 97 
Average 1 6 . 03 1 6 . 5 9 I 1 6 . 82 
147  
Average 
1 8 . 42 
1 7 . 05 
1 5 . 41 
1 5 . 02 
Table  C-1 7 . Spectrophotometric Data of Demineral iz ed 
Water with Spectronic 2000 
S ampl e 
Col or Abs or�nce 
A460 nn { em- ) 
UV Abs orbance 1 
uv25 J . ? nm ( cm- ) 
·· --
1 0 • .399 
2 O . J?8 
J 0 . )82 
4 O . J?2 O . J?4 
5 O . J?J 0 . )88 
6 •  0 . )?4 0 . )94 
7 O . J73 0 . 427 
Average 0 . )7 3 0 . )92 
148 
I 
S ampl e 
1 
Table C-18 . Data of Raw Water Spec trophotometr ic Characterist ics 
Date 
Aug . 1 3 ,  1 982 
Col or Abs orbance 
A460 nm 1-- --- · 
Uncentrifuged 
0 . 075* 
Centrifuged 
··· - - ---- --
0 . 040* 
- - --
UV Abs orbance** 
uv25 J . 7 nm ( cm- 1 ) 
--·----···· - · - -· · · -- r-· -
Unfil tered F il tered 
-- ---- --- -
0 . 681  0 . 589 










Aug . 1 6 ,  1 982 
-·· - - -- -
Aug . 1 7 , 1 982 
. - -- . . . . .... --- - - ----·  ....... __ 
Aug . 20 , 1 982 
-
Aug . 2) , 1 982 
Aug . 29 , 1 982 
S ep .  6 ,  1 982 
- - - ---
S ep .  1 2 , 1 98� 
0 . 075* 
---
0 . 070* 
· - ·- · ·· · ·· -
0 . 085* 
- ----- -
0 . 080* 
I 
0 . 1 1 0* 
0 . 428** 
-- --- - -- --· 
0 . 41 1 ** 
- - - · - --- --- - - -· · - --· 
S ep .  1 8 , 1 982 0 . 425** 
.. 
O . OB J* 
0 . 421  ** 
* Meas ure d w i th S p e c troni c 20 
**  Meas ured wi th S p e c troni c 2000 
0 . 040* 
--- -- . ··-·- - · - · - · - . -- -
0 . 012* 
0 . 0)7* 
--· ··-· - -·· ·-- - - · · · - · -·-
0 . 040* 
0 . 0)0* 
------- - -- -- ---
0 . )8)** 
·- -
0 . )85** 
- - -·- - · ····· - - - ·--
0 . )85** 
- ---- - - -- ----- - - - - - -
o . OJJ* 
0 . )84** 
0 . 61 0  
- -··- .. .. .. -- ·· · · · -- ---- -
0 . 61 1  
- · · . . . 
0 . 5JJ 
- -- · ·· · -· · . .  •- • -• ·•· • •• • Oo o 
0 . 575 
-- · . - ... . .  ·--- - -
0 . 592 
-- -----·-- . . --- . .  -- . ·-· 
0 . 642 
--- ------ -- - - ---· 
0 . 578 
- ·- · · ·  - ·· ·  - -
0 . 62 1 
---· 
0 . 605 
-
0 . 5JJ I 
-- · - -- · ·- - -- - - --1 
0 . 592 
· - · 
0 . 50? 
. . .. .. .. . . . -- --- -- -- . ·- -
0 . 5 1 3  
o . 5o6 
0 . 658 
0 . 5 1 8  
0 . 529 























1 2  
I 
I 
Tab l e  C - 1 9 . Unf iltered Sample  UV Ab sorbance , 
- 1  
uv
2 53 . 7
( cm ) 
i 
I DETENTI ON TIKE , min . 
Sampl e l 
I 1 0  15 20 
• 
I 1 0 • .5 7 9  0 . 606 0 . 626 I I 2 0 . 572 0 . 562 0 . 54 3  I I 3 0 . 6 2 0  0 . 631 0 . 641 
I 4 0 . 62 0  i 0 . 6 1 4  0 . 5 9 6  I I i Average 0 • .598 I 0 . 603 0 . 602 l 
1 
I 
0 . 571  
I 
0 . 546 0 . 5 5 0  
2 0 . 5 1 7  I 0 . 535_ 0 . 551  3 0 . 5 32 0 . 565 0 . 5 68 
4 0 . 586 I 0 . 54.5 0 . 5 7 1  
Average 0 • 5 52 0 . 548 0 . 5 6 0  I 
1 
1 0 • .5 64 
i 0 . 556 0 . 522 
2 0 . 5 02 0 . 51 8 0 • .543 
J 0 • .5 52 0 . 547 0 . _5 62 
4 0 . 560 0 • .590 0 . 58 3  
Average 0 . 545 0 . 553 0 . 553  
1 0 . 5 37 0 . 550 0 . 48 9  
2 0 . 522 0 . 51 4  0 . 543 i 
3 0 . 5 5 1  ! 0 . 530 0 . 5 5 1  
4 I 0 . 569 0 . 582 I 0 . 604 I 
Average 0 . 545 0 . 544 0 . 547 
Average 0 . 560 0 . 562 o.  566 . 
1 50 
Average 
0 . 601 
0 . 55 3 
0 . 5 5 0  



















Tab l e  C - 2 0 . F iltered Samp le UV Ab s orbanc e , 
- 1  
uv
253 . 7
( cm ) 
DETENTION TilflE ,  min. 
Sampl e 
10 15 20 
1 0 . 536 0 . 571 0 . 620 
2 0 . 557 0 . 546 o . 603 
3 0 . 543 0 . 616 0 . 592 
4 0 . 541 0 . 530 0 . 533 
Average 0 . 544 0 . 566 0 . 587  
1 0 . 487 0 . 51 1  0 . 494 
2 0 . 488 0 . 479 0 . 505 
J 0 . 484 0 . 581  0 . 507 
4 0 . 522 0 . 556 0 . 470 
Average 0 . 495 0 . 5)2 0 . 494 
1 0 . 498 0 . 473 0 . 51:5 
2 0 . 465 0 . 468 0 . 621 
3 0 . 477 0 . 489 0 . 462 
4 0 . 503 0 . 496 0 . 509 
Average 0 . 486 0 . 482 0 . 527 
1 0 . 476 o : 458 0 . 472 
2 0 . 466 0 . 454 0 . 480 
J 0 . 494 0 . 453 0 . 497 
4 0 . 488 0 . 472 0 . 470 
Average 0 . 481  0 . 459 0 . 480 
Average 0 . 502 0 . 510  0 . 522 
1 5 1  
Average 
0 . 566 
0 . 507 
0 . 498 

















Tab l e  C - 2 1 . Unc entrifuged Samp le Color Abs orbance ,  
- 1  
A
460 · nm
( in ) 
DETENTI ON TIME , min . 
Sampl e Average 
1 0  15 20 
i 
1 o . o65 0 . 070 0 . 070 
0 2 0 . 080 0 . 080 0 . 079 
Average o . 07J 0 . 075 0 . 075 0 . 074 
1 0 . 069 0 . 055 0 . 050 
4 2 0 . 079 0 . 055 0 . 045 
J 0 . 060 
Average 0 . 069 0 . 055 0 . 048 0 . 057 
1 0 . 067 0 . 069 o . oso  
8 2 0 . 060 0 . 043 0 . 075 
J 0 . 050 
Average 0 . 059 0 . 056 o . 06J 0 . 059 
-
1 0 . 061  0 . 060 0 . 049 
12 2 0 . 050 0 . 060 0 . 049 
J o . oso 
Average 0 . 056 0 . 057 0 . 049 0 . 054 
Average 0 . 064 0 . 061 0 . 059 
Note a Samples were measured with Spectronic 2 0  



















Tab l e  C-22 . Uncentrifuged Samp le Color Abs orbance ,  
- 1  
A460 nm
( cm ) 
DETENTION TIME ,  min. 
Sampl e Average ! ! 1 0  1 5  20 I I 
! 
1 0 . 419 0 . 4)2 0 . 4)4 
0 2 0 . 4)0 0 . 428 0 . 419  
Average . 0 . 425 0 . 4)0 0 . 427 0 . 427 
I 
1 0 . 4)0 0 . 425 0 . 419 
4 2 0 . 41 9  0 . 428 
Average 0 . 4)0 0 . 422 0 . 424 
I 
0 . 425  
1 0 . 424 0 . 408 0 . 412 
8 2 0 . 425 0 . 424 
Average 0 . 424 0 . 41 7 0 . 418 0 . 420  
1 0 . 410  0 . 425 0 . 419  
1 2  2 0 . 41 9  0 . 429 
Average 0 . 41 5  0 . 425 0 . 424 0 . 42 1  
Average 0 . 424 0 . 424 0 . 423 
Note a Samples were - measured with Spectronic 20 00 




















Tab l e  C-23 . Centr ifuged Sample  Color Abs orbance ,  
- 1  
A
460  nm
( in ) 
DETENTION TIME , min . 
Sampl e Average 
1 0  15  20 
1 0 . 024 0 . 030 . 0 . 065 
0 2 0 . 022 0 . 040 0 . 028 
Average 0 . 023 0 . 035 0 . 047 0 � 035 
1 0 . 018  0 . 01 0  0 . 007 
4 2 0 . 01 6  0 . 003 0 . 005 
J o . ooa 
Average 0 . 014 0 . 007 o. oo6 0 . 009 
1 0 . 020 0 . 01 1  0 . 01 3 
8 2 0 . 020 0 . 002 0 . 01 5  
3 0 . 020 
Average 0 . 020 0 . 007 0 . 014 0 . 014 
-
1 0 . 025 0 . 018 0 . 015  
12 2 0 . 020 0 . 012 0 . 003 
3 o. oos 
Average 0 . 02 3 0 . 012 0 . 009 0 . 01 5  
Average 0 . 020 0 . 01 5 0 . 019 



















Tab le  C-24 . Centrifuged Samp l e  Color Abs orbance ,  
- 1  
A
4 6.0 nm
( cm ) 
DETENTION TIME , min. 
Sample Average 
1 0  15 20 
1 0 . )8 1  0 . )85 0 . )86 
0 2 0 . )86 0 . )82 0 . )83 
Average 0 . )84 0 . )84 0 . )85 0 . )84 
1 0 . )?5 O . J?8 0 . )?8 
4 2 0 . )?8 0 . )77 
Average 0 . 375 O . J78 0 . )?8 0 . 377 
1 0 . 375 0 . )78 0 . )75 
8 2 0 . )80 0 . )76 
Average 0 . )75 O . J?9 0 . )?6 0 . )?7 
-
1 0 . )82 0 . 375 0 . )76 
12 2 0 . )?8 0 . 379 
Average 0 . )80 0 . 375 0 . )78 0 . )?8 
Average 0 . )79 0 . )79 0 . )79  
Note a Samples were measured with Spectronic 2000 
1 5 5  
156  
APPENDIX D 
Linear Regress ion Analys is  
Tabl e  D-1 . Summary of the Linear Regres s ion Analys i s  
Dependent Independent Correlation 
Variable Variable Coefficient 
r 
Inst !THM UV-UN 0 . 83 
Ins t TTHM UV-F 0 . 70 
Ins t TTHM 460-020 0. 81 
Inst TTHM 460-U2000 o .4 7 
Inst TTHM 460-820 0. 67 
Ins t TTHM 460-C2000 0 ._ )2 
* Significant at the 95 per cent level 
** Significant at the 99 per cent l evel 
F 
2) .62 ** 
1 0 .  75 ** 
21 . 45** 
) . 06 
9. 86** 
1 . 23 
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Lake Kampe ska Filtration Plant 
History 
The Lake Kamp eska F iltrat ion Plant is  located about 3 mil e s  
wes t  o f  the c ity of Watertown a t  the e a s t  shore o f  Lake Kamp eka . The 
plant was ori g inally  p l aced in operat ion in 1 924 . The l ake water is  
treated at the  treatment p lant and s uppl ied to the  Watert own c ity 
res ident . The maximum rate  from thi s  s ource of supp ly is 1 , 200 
_ gallons per minute as author ized under water right dated 1888 . 
During 1 9 6 8 , the f ir s t  maj or improvements were made under the 
firs t s t age improvement program . Thes e  improvement s  updated the 
fac il ity and converted the a l l-manual operat ion to semi-automat ic . 
In 1 9 7 3  Watertown annexed the area  around Lake Kampeska into the c ity 
and began cons truct ion of  a water distribut ion sys tem around the l ake . 
The plant is  capab l e  of treat ing about 2 mill ion gal lons of water per 
day . However , the actual p l ant product ion is  normal ly r e s tr icted to 
the amount of the water r ight for divers ion of water from Lake Kampe ska . 
Treatment Proces s 
The water i s  taken from the lake through intake l ine s extended 
into the lake . Thes e  intake l ines del iver the wat er to a wet -we l l  
from which i t  i s  pumped to  the treatment plant . The tre atment fac i l i­
ty provides for aerat ion , chemical treatment with act ivated carbon , 
alum ,  and l ime , mixing , flocculat ion , and sett l ing , f i l trat ion , 
chlorinat ion and f luor idat ion . From the f ilters , the water is  de l iv­
ered to a clear-water s t orage tank of 160 , 000 gal l ons capac ity . The 
1 6 0  
water is  pumped from the c l e ar-water s torage tank through the 1 2 - inch 
transmis s ion l ine t o  the c ity ' s dis tribut ion system .  A l ine f l ow 
d iagram for the Lake Kamp eska Filtration Plant is  shown in F i gure E- 1 . 
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